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Depleting fossil fuel reserves and increase of energy demands drive people to find 
alternative and sustainable energy resources such as wind, solar, tidal, geothermal, and 
biomass. Among all these sustainable energy resources, biomass is the only one that we 
can be used for chemicals and liquid fuel production. The advantages of using biomass 
include fast production, high efficiency, and ease of harvesting and transportation. The 
major compositions of lignocellulosic biomass are cellulose, hemicellulose, and lignin. 
The former two are widely studied and due to the relatively uniform and unique chemical 
structures, some of the processes have undergone commercialization. However lignin, as 
the second most abundant biomass component, receives little attention. The US paper 
industry produces approximately 50 million tons of lignin annually and over 98 percent 
of these are burned directly. The major problems with lignin are poor thermal stability 
and a complex structure. It tends to form coke under high temperatures, which makes the 
conversion process extraordinarily difficult. Its complex structure also results in 
complications in product characterization. 
 
Thermochemical methods are commonly used in biomass decomposition, such as 
gasification, pyrolysis and direct combustion. Pyrolysis is an economically feasible 
method. It can undergo operation under an ambient atmosphere, so the equipment 
investment is low. The major products from pyrolysis are gases, pyrolysis oils and char. 
However, one cannot use pyrolysis oil directly because of its poor thermal stability, and 
 xix 
high acidity; therefore, it requires further upgrading is required. Catalytic 
hydrodeoxygenation (HDO) is a general approach for oil upgrading. Evaluating catalysts, 
optimizating reaction conditions, and understanding of reaction mechanisms are critical 
to its application. 
 
This thesis studied the catalytic upgrading of pyrolysis oil derived from both 
ethanol organosolv (EOL) lignin and whole biomass. There are four major components of 
this thesis.  
 
(1) In the first part, several lignin model compounds and the commonly used 
noble metal catalysts were evaluated. During the reaction, coke formation 
deactivated several catalysts. The catalysts were characterized with BET and a 
great reduction in the surface area was observed. The reaction pathway of the 
coke formation was proposed. Ruthenium/activated carbon can hydrogenate 
the aromatic ring and remove the methoxyl group as well. The reaction 
mechanism was deduced based on the products distribution of the model 
compounds. 
 
(2) The second part of this study focuses on the catalytic HDO reaction with real 
EOL pyrolysis oil. To confirm whether the mechanism obtained from model 
compounds is applicable to pyrolysis oil, two catalysts were picked to react 
with EOL pyrolysis heavy oil. The results indicate the reaction mechanism 
with EOL pyrolysis oil is similar to the results of the model compound study. 
 xx 
Further investigation was carried out with the ruthenium catalyst, which 
displayed the highest reactivity in the previous study. Due to the deactivation 
of the Ru/C catalyst by tar produced during the upgrading, two-step 
hydrodeoxygenation at different temperature was adopted in this study. In this 
part, the first-step is discussed. The upgraded pyrolysis oil was analyzed using 
GC-MS, 1H, 13C, and HSQC 2D NMR. Deuterium gas was used to elucidate 
the fundamental principle in the hydrogenation reaction because the deuterium 
atom is invisible in the regular 1H-NMR. The comparison between the 
products upgraded by deuterium and hydrogen provides an intuitive and 
accurate result. 
 
(3) The third part focuses on the product analysis from the second-step HDO. In 
the second-step HDO, all the products were completely hydrogenated. The 
molecular weight of the upgraded oil is in the monomer range and the GC-MS 
study provided detailed compound structures. However, some of them still 
contain oxygen atoms. To produce completely deoxygenated products, ZSM-5 
was used as a supporting material. The experiment with the model compound 
(guaiacol) showed alkali treated ZSM-5 was effective in catalyzing the 
dehydration reaction and producing deoxygenated compounds. 
 
(4) In the fourth part, light oil derived from whole biomass also underwent 
treatment under the same hydrodeoxygenation reaction conditions as those 
used in upgrading EOL pyrolysis oil. In this reaction, the biomass were 
separated into three components: stem, residue and bark. The contents of 
 xxi 
cellulose, hemicellulose and lignin are different in the three components. The 
compound structures of the three different types of light oil were analyzed by 
GC, 1H and 1H-13C HSQC-NMR. Then the light oil was processed under the 
same condition as the heavy oil upgrading. The reaction mechanisms with 
cellulose and hemicellulose were also studied. These results will be of value 




CHAPTER 1: INTRODUCTION 
 
In the past century, energy consumption has grown 17-fold worldwide, [1] and is 
predicted to increase another 50 percent by 2025 [2]. According to data from the U.S. 
Energy Information Administration (EIA), the production of crude oil increased from 420 
million barrels a year in 1920 to 2700 million barrels a year in 2013 [3]. The major 
products from petroleum refinery process are transportation fuels and chemicals. 
However, there are several inherent problems with the petroleum industry. First, during 
the refinery process, a tremendous amount of CO2 releases into the atmosphere. CO2 is a 
greenhouse gas (GHG) and it absorbs the thermal radiation from the earth and re-radiates 
it back to the ground, hence causing the increase of atmospheric temperature. Second, the 
petroleum reserves are limited. Nowadays the drilling stations extend from onshore to 
offshore, even in the middle of the ocean. Nonetheless, all the petroleum resources will 
deplete eventually. Many countries recognize this problem and have shown efforts to 
search for alternative sustainable energy resources. For example, the study conducted by 
the National Renewable Energy Lab (NREL) indicated 80 percent of the electricity in the 
United States could be generated from renewable energy by 2050. The US Department of 
Agriculture and the US Department of Energy also established a vision to derive 25 
percent of chemicals and 20 percent of transportation fuels from biomass before 2030 [4].  
 
Biomass proves to be the only feasible renewable source for liquid transportation fuel 
production. [4] The energy generated from biomass recently surpassed the hydroelectric 
and it became the single largest renewable energy resource. The biomass used for energy 
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production increased from 184 million dry tons in 2005 to 200 million dry tons in 2009. 
Meanwhile the fraction of biofuels increased from 10 percent to 31 percent. [4] The 
lignocellulosic biomass seems to be an ideal candidate because it is a CO2-neutral, widely 
distributed, and readily usable renewable energy. It is the most abundant source of 
carbohydrates in the world. The annual forest resource potential is 368 million dry tons 
each year. Currently, the total annual consumption is approaching 190 million dry tons, 
which include the agricultural feedstock. Thus the amount of forest resource is enough to 
cover the consumption of the agricultural products. The path forward for biofuels and 
biomaterials, published by the leading experts in this field, has predicted that “the 
integration of agro-energy crops and biorefinery manufacturing technologies offers the 
potential for the development of sustainable biopower and biomaterials that will lead to a 
new manufacturing paradigm.” [2].  
 
There are three major compositions in lignocellulosic biomass: cellulose, hemicellulose 
and lignin. Researchers have intensively stidied the previous two in various approaches. 
However, lignin, as the second most abundant natural-made polymer, has received less 
attention because of its complex structure and poor thermal stability. The US paper 
industry produces over 50 million tons of lignin per year. Over 98 percent of these are 
burned directly. [5] Another major source of lignin is bioethanol plants. Regardless of the 
technology employed, almost all bioprocessing approaches result in forming a process 
stream of waste lignin. [6] Different from other biomass wastes, lignin is energy-rich. 
Therefore, it is pragmatic and desirable to find an efficient approach to convert lignin into 
fuels and useful chemicals. 
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Intensive researches and developments have been carried out in the biomass utilization. 
The most common methods for biomass conversion to liquid fuels include: (1) 
gasification followed by Fischer–Tropsch reaction, [7] (2) pyrolysis and catalytic 
upgrading, [8] and (3) enzymatic fermentation [9]. Among these methods, pyrolysis is 
regarded as a promising technique to convert biomass into liquid products, such as 
aromatic chemicals and biofuels. [10] It is a thermochemical process that heats biomass 
in the absence of oxygen.  
 
One of the major challenges towards industrializing biomass pyrolysis is the poor 
properties of pyrolysis oil, such as low volatility, high oxygen content, high acidity and 
viscosity, corrosiveness, etc. [11] Therefore, upgrading raw pyrolysis oils is a necessary 
and critical step. In this dissertation, the conversion of biomass to liquid fuel through 
pyrolysis and catalytic upgrading is systematically studied. 
 
The major focuses of this dissertation are summarized as follows: 
 
 Using lignin model compounds to screen the proper catalyst for HDO upgrading, 
and studying the reaction mechanisms (Chapter 4) 
 
 Catalytic upgrading of lignin derived pyrolysis heavy oil. (Chapter 5, 6). The 
reaction mechanisms of the noble metals catalyzed heavy oil upgrading are in 
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accordance with the reaction pathways deduced from the model compounds 
study. 
 
 Production of cyclohexanol and 4-methyl-cyclohexanol from the lignin pyrolysis 
heavy oil upgrading. (Chapter 6)  
 
 Convert lignin into gasoline-compatible fuels from the aqueous phase HDO of the 
heavy oil derived from the lignin pyrolysis.  (Chapter 6) 
 
 Structure analysis of the light oils derived from different components of the 
woody biomass (stem, residue and bark). The reaction mechanisms of the 
upgrading of these light oils were studied. (Chapter 7) 
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CHAPTER 2: LITERATURE REVIEW1 
 
Biomass pyrolysis oil is a potential renewable biofuel precursor.  The particular research 
regarding to the lignin pyrolysis process has not been widely studied until recently.  
Lignin is the second most abundant biomass component and the primary renewable 
aromatic resource in nature.  The pyrolysis chemistry and mechanism of lignin are 
significantly different from the pyrolysis of cellulose or entire biomass. This chapter 
reviewed the background of biofuels, the composition of biomass, the pyrolysis and 




The growth of the domestic energy consumption makes the accommodation of the 
alternative resources become an inevitable step in the future. The annual energy review 
reported by the U.S Department of Energy highlighted several key facts related to the 
energy consumption in the United States, [12, 13] including: 
 
 The domestic energy consumption has increased by 28% in last 37 years. The 
total energy consumption is 97 quadrillion Btu in 2010. A large percentage of the 
energy (28% in 2010) was consumed for transportation. 
                                                 
 
 
1 Part of this chapter was published in BioEnergy Research, 2013. It is entitled as “Lignin Pyrolysis 
Components and Upgrading—Technology Review”.  Reproduced by permission of Springer Science and 
Business Media. 
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 Annual energy consumption of renewable resources in 2012 is twice the value of 
2001. 
 Until recently, the energy from renewable sources exceeded the domestic 
consumption of nuclear electric power.  
 The consumption of the ethanol fuel has more than tripled in last six years. The 
annual consumption of biodiesel is doubled within one year. 
 
The remarkable growth of the domestic renewable fuels is due to the transformations in 
economic, political policies and consumers’ demands. The energy independence is 
closely related to the national security. Environmentalists and scientists also concern 
about how to reduce the emission of carbon dioxide, which contributes to the global 
warming and cause changes to farming practices. [14-19] 
 
The potential supply of renewable biomass from forest and agricultural lands are 
tremendous throughout the world. In the land of the United States alone, the annual 
capacity of renewable biomass is higher than 1.3 billion dry tons of biomass, which is 
readily available for bio-refineries. [20] Therefore, the conversion of renewable biomass 
into other useful products such as fuels, specialty chemicals, and plastics, attracts many 
scientists and great efforts are contributed towards developing the process as well as 
advancing the fundamental science. It is claimed that the annual energy potential of the 
sustainable global biomass is approximately ~1020 J and approximately 40% is being 
used. [21] Due to the high bulk density and low moisture content, woody biomass is an 
ideal feedstock for the biomass conversion process. All fractions of the tree can be 
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directly used for chemical production that a great deal of researches is related to the 
fermentation of cellulose and hemicellulose to produce bio-ethanol. Meanwhile, lignin, as 
the second most abundant natural-made biopolymer, receives much less attention. Most 
of the lignin is burned directly as agricultural waste.  
 
Biomass pyrolysis is regarded as a promising approach for renewable chemicals 
and fuels production and it has been proven at commercial scale. However, several 
drawbacks have not been addressed.  The components of biomass pyrolysis oils are very 
complicated and it directly determines the properties of bio-oil. In this review chapter, the 
details about pyrolysis oil components, particularly those from lignin pyrolysis processes, 
are discussed. Due to the poor physical and chemical property, the lignin pyrolysis oil has 
to be upgraded before use. The most common upgrading approach is hydrodeoxygenation 
(HDO). Catalysts have been widely used during the pyrolysis bio oil upgrading.   
 
2.2 Lignocellulosic Biomass 
 
Lignocellulosic biomass captures the solar energy and stores it as chemical energy. The 
sugar building blocks are firstly produced by absorbing carbon dioxide and water. Then, 
the sugar chains keep growing and gradually exhibit a polymer form. Such type of 
molecules is the most abundant organic matter on the earth. Table 2.1 provides several 




Table 2.1 Productivity and solar energy capture of some biomass (selected) [22] 










Minnesota Willow and hybrid poplar 8-11 159 0.30 - 0.41 
Texas Switchgrass 8-20 212 0.22 - 0.56 
Nova Scotia Sublittoral seaweed 32.1 133 1.34 
England Coniferous forest 34.1 106 1.79 
Israel Maize 34.1 239 0.79 
Germany Temperate reedswamp 46.0 133 1.92 
West Indies Tropical forest, mixed ages 59.0 212 1.55 
Java Sugarcane 86.8 186 2.59 
Thailand Green algae 164 186 4.90 
 
The major compositions of lignocellulosic biomass are cellulose, hemicellulose and 
lignin. Other components, such as tannin, pigments, resin, etc., are in relatively minor 
quantity. The chemical compositions of some common biomasses are summarized in 





















Cellulose (%) 40.0 39.5 45.0 41.0 
Hemicellulose     
- Glucomannan (%) 16.0 17.2 3.1 2.3 
- Glucuroxylan 8.9 10.4 14.1 27.5 
- Other Polysaccarides 3.6 3.0 2.0 2.6 
Lignin 27.7 27.5 31.3 22.0 




Cellulose is a polysaccharide consisting of many thousands of D-glucose monomers. 
Figure 2.1 shows the chemical structure of cellulose. The linkages between monomers are 
β-1,4 glycoside. The molecular weight of cellulose is typically distributed between 
300,000 and 500,000. The annual production of cellulose through photosynthesis is 
approximately 100 billion metric tons. Cellulose is the skeletal structure of most 
lignocellulosic biomass due to the highly organized structure and hydrogen bonds. The 
crystallinity of cellulose is generally between 50-70% [24]. 
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Hemicellulose is another type of polysaccharide polymer. As listed in table 2.2, 
hemicellulose typically constitutes 20 to 40 wt.% of the biomass. Hemicellulose contains 
five different monomers. These monomers can be divided into two groups: five-
membered ring (xylose and arabinose) and six-membered ring (galactose, glucose, 
mannose). The most abundant sugar in hemicellulose is xylose. Unlike cellulose, 
hemicellulose is amorphous and it is relatively easier to hydrolyze. Figure 2.2 is an 
example of the chemical structure of hemicellulose in softwood. 
 




Lignin is also abundant in the lignocellulosic biomass. The mass percent of lignin is 
normally 10 – 25 wt.%. The chemical structure of lignin is highly branched mononuclear 
aromatic and the aromatic ring is often highly substituted. Lignin mainly exists in the cell 
wall, especially in the woody biomass. There are three major functions of lignin: (1) 
conducting water in plant stems; (2) providing mechanical support and structure; (3) 
resisting attack by most microorganisms. [26] Figure 2.3 is an illustrations of the  
structures of lignin in softwood and hardwood. 
 
Figure 2.3 Examples of lignin structure in (a) Softwood and (b) Hardwood [27] 
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There are three building block monomers of lignin: p-coumaryl, coniferyl and sinapyl. As 
shown in Figure 2.4 (a), all three building blocks have aromatic structure. The major 
difference is the number of the methoxyl group. These monomers interact with each other 
and form various types of interlinkages. Figure 2.4 (b) are the ten most general linkages 
between lignin monomers. Table 2.3 summarizes the ratios of p-coumaryl (H), coniferyl 





Figure 2.4 (a) Building block of lignin and (b) common linkages between lignin 
monomers [27]  
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Table 2.3 Lignin Composition of several biomass and the G:S:H distribution [28]. 
 Lignin % G S H 
Loblolly pine 29 86 2 12 
Spruce 28 94 1 5 
Eucalyptus globus 22 14 84 2 
Eucalyptus grandis 27 27 69 2 
Birch penclula 22 29 69 2 
Beech 26 56 40 4 
 
The molecular weight of lignin is normally distributed in a wide range. The separation 
process of lignin will decompose lignin to smaller fragments. Table 2.4 is the 
summarization of molecular weights of various lignin. The carbon/oxygen ratio of lignin 
is typically around 3:1 and the carbon/hydrogen ratio is slightly less than 1. 
 
Table 2.4 Molecular weight distribution of lignin in selected biomass and the calculated 





Douglas fir 49500 7700 6.4 
White fir 57000 7700 7.4 
E. globules 23400 6500 3.6 





2.3 Brief introduction to pyrolysis process 
 
During the pyrolysis process, biomass is heated in the absence of oxygen. The major 
products are gases, pyrolysis oil and char. Pyrolysis normally carries out under ambient 
atmosphere without reducing gas, which lowers the capital investment and operation 
expense. Although the cost of pyrolysis oil is relatively low, the quality of the fuel 
obtained from the process is inferior that it cannot be used directly in conventional 
gasoline and diesel engine. Due to the high oxygen content, the pyrolysis oil is 
immiscible with gasoline fuel. It also has several poor properties such as low volatility, 
instability, high viscosity, high acidity and low heating value. These properties are 
mainly attributed to the large amount of unsaturated bonds (mainly the olefin and 
aldehyde structure) and oxygen atoms in the pyrolysis oil. [13] Therefore, upgrade the 
pyrolysis oil to remove the oxygen and hydrogenate the unsaturated bonds is a necessary 
step. A summary of lignin pyrolysis conditions and the yields of pyrolysis products are 










Table 2.5. Summary of lignin pyrolysis conditions and the yield of pyrolysis products 
 
Lignin Reactor Temperature (K) Tar (wt.%) Char (wt.%) Gas (wt.%) 
Kraft lignin (wheat 
straw and sarkanda 
grass) [30] 
Fluidized bed 773 31 49 6 
Fluidized bed 683-833 31 34 12 
Fluidized bed 748-798 50 42 8 
Entrained flow 973 37 35 28 
Batch 753 22 48 30 




23 41 39 
LignoboostTM (pine) 22 29 49 
EOL (pinus radiate) 16 63 21 
Kraft lignin 
Fixed bed[32] 1073 
3-5 43-48 49-52 
EOL 14-21 35-44 41-44 
Kraft lignin 
Fix bed[33] 923 
13 47 40 





773 53 34 7 
873 64 20 9 
973 55 17 17 
1073 50 15 22 





2.4 Chemical composition and NMR characterization methods of lignin derived 
pyrolysis oil 
 
2.4.1 GC-MS analysis of lignin pyrolysis oil  
 
Most of the pyrolysis works employed GC-MS to analyze the liquid pyrolysis products. 
[30, 35-49] By using pyrolysis(Py)-GC-MS, Jimenez et al. [49] indicated that softwood 
lignin yielded guaiacyl derivatives, coniferaldehyde and coniferyl alcohol as the major 
products; hardwood lignin was converted to guaiacyl and syringyl derivatives, 
syringaldehyde, coniferyl alcohol and sinapyl alcohol. Pyrolysis of bamboo lignin 
produced p-vinylphenol as the major compound. Similarly, Jiang et al. [39] also used Py-
GC-MS to analyze pyrolysis products of lignin over a temperature range of 673-1073 K 
and indicated that the maximum yield of phenolic compounds was obtained at 873 K. 
Most of the phenolic compounds had an individual yield of less than 1 wt.% of lignin on 
an ash free basis. Greenwood et al. [45] pyrolyzed Douglas fir and Q. nigra water oak 
lignin in a laser micropyrolysis-GC-MS system. They found that guaiacol, 4-methyl-
guaiacol, vinylguaiacol, eugenol, vanillin and coniferylaldehyde were the major 
components in the pyrolysis oil produced from the Douglas fir lignin. For the Q. nigra 
water oak lignin pyrolysis oil, guaiacol, 4-methyl-guaiacol, vinylguaiacol, syringol, 
eugenol, 3,5-dimethoxyacetophenone, 4-methyl 2,5-dimethoxy benzaldehyde, 4-allyl-
dimethoxylphenol, syringaldehyde, 2,6-dimethoxyl-2-propylphenol and sinapaldehyde 
were found as the major components. Jegers et al. [47] also showed that guaiacol, 4-
methylguaiacol, 4-ethylguaiacol, catechol, 4-methylcatechol, 4-ethylcatechol, phenol, 
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cresol and 4-ethylphenol were the major products of lignin pyrolysis. As the most 
abundant products, the content of guaiacol and 4-methylguaiacol are ~5 wt.% of dry 
lignin. Lou et al. [41] examined the effect of temperature on the composition of pyrolysis 
products and indicated that the contents of methoxyl contained components, such as 
guaiacol, 4-methylguaiacol, 4-vinylguaiacol and syringol decreased at higher pyrolysis 
temperature. In contrast, the contents of non-methoxyl contained compounds, like cresols, 
ethyl-phenol, and 2, 6-dimethyl-phenol, increased with the increasing treatment 
temperature.  
 
To understand the possible decomposition pathways of lignin during the pyrolysis 
process, and to find an effective upgrading method, many researchers use pyrolysis oil 
model compounds to simplify the simulation model. To facilitate this part of work, the 
GC-MS detected components in the lignin pyrolysis oils are summarized in Appendix I 
[30, 39, 44-48]. There are approximately a hundred compounds and almost all of them 
contain a phenol structure. Furthermore, phenol, acetovanillone, cresols, guaiacol, 4-
ethylphenol, syringaldehyde, acetosyringone, 4-methylguaiacol, catechol, 3-
methylcatechol, 4-methylguaiacol, 4-vinylguaiacol, vanillin, syringol, eugenol, 
isoeugenol and acetovanillone have been reported in more than four references and many 
of them were also reported in other references.[37, 40-42] Therefore, these components 
can be used as potential candidates in the model compounds study of lignin pyrolysis. 




Figure 2.5. The possible decomposition pathways of lignin during the pyrolysis [50-57] 
 
2.4.2 NMR analysis of lignin pyrolysis oil  
 
Most recently, several research works [58-70] introduced NMR, including the 
quantitative 1H, 31P, 13C-NMR, and semi-quantitative 1H-13C HSQC-NMR, to 
characterize the pyrolysis oils. Mullen et al. [58] analyzed various pyrolysis oils produced 
from switchgrass, alfalfa stems, corn stover, guayule (whole plant and latex-extracted 
bagasse), and chicken litter by 1H, 13C, and 13C-DEPT NMR. They found that pyrolysis 
oil from chicken litter had the lowest overall amount of methyl groups and had the 
highest ketone content among all the pyrolysis oils studied. The 13C and DEPT-NMR 
analysis indicated that the pyrolysis oils from corn stover and switchgrass had the fewest 
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aliphatic carbons. The large amount of methine (CH1) groups in the corn stover pyrolysis 
oil suggested that its aliphatics were highly branched. However, there were almost the 
same amounts of methyl (-CH3) groups as its methine groups, while the percentage of -
CH2- was low. It was surmised that these branches were very short which could mostly 
be methyl groups. Conversely, pyrolysis oil from switchgrass appeared to have more 
straight-chain aliphatics. The authors also indicated that the aromatic region of these 
pyrolysis oils had CH0:CH1 ratios of >2:1, which represented highly complex substituted 
(at least four substituents) benzene rings. 
 
In a previous publication, 31P and 13C-NMR were used to characterize pyrolysis oils 
produced from softwood (SW) kraft lignin at 673, 773, 873 and 973 K [69]. A 13C-NMR 
database was created to provide a more accurate chemical shift assignments for the 
analysis of pyrolysis oils. This analysis showed that the carbonyl group content was 
reduced after pyrolysis, and methoxyl groups were significantly eliminated after 
pyrolysis, especially at higher pyrolysis temperatures. Nearly 70%-80% of the carbons 
from a water insoluble portion of pyrolysis oil (heavy oil) were aromatic carbon. By 
using 31P-NMR, the results indicated that the heavy oils contained less aliphatic hydroxyl 
group and carboxyl acid group. The decreased concentration of aliphatic hydroxyl and 
acid groups was significant as it indicated that the lignin side chain hydroxyl groups were 
readily eliminated during the thermal treatment. In contrast, the contents of guaiacyl, p-
hydroxyphenyl and catechol type hydroxyl groups were increased after pyrolysis. The 
31P-NMR results for the water soluble part of pyrolysis oil (light oil) showed that it 
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contained nearly 80 w/w% water and another 10 w/w% is methanol, catechol and acetic 
acid. 
 
To solve spectral overlapping problems when using 13C-NMR to analyze the pyrolysis 
oils, the previous work [68] demonstrated that 1H-13C HSQC-NMR was uniquely well 
suited to analyze various C-H bonds present in the pyrolysis oils. The fingerprint analysis 
of 1H-13C HSQC-NMR spectral data provides chemical shift assignment of twenty-seven 
(fourteen from lignin pyrolysis oil) different types of C-H bonds presented in the 
pyrolysis oils produced from cellulose, lignin and pine wood. The 1H-13C HSQC-NMR 
for the lignin pyrolysis oils showed that there were two different types of methoxyl 
groups presented in the pyrolysis oils, which indicated that the native methoxyl group in 
the kraft lignin rearranged to another type during the thermal treatment. The contents of 
aromatic C-H and aliphatic C-H bonds in the lignin pyrolysis oils increased with 
increasing pyrolysis temperature, which was attributed to the rearrangement and the 
cleavage of the ether bonds or methoxyl groups in the lignin. Table 2.6 summarized the 
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2.5 Catalytic Upgrading  
 
The major products in the lignin derived pyrolysis oil are covered in sections 2.4. 
However, the produced oil cannot be used directly as fuel due to several poor properties, 
such as thermal instability, corrosiveness, poor volatility, high coking tendency, low 
heating value, and immiscibility with petroleum fuels. [71] Two key differences between 
the biomass pyrolysis oil and the crude oil are a large number of oxygen-containing 
functional groups and unsaturated bonds. Therefore, upgrading is a necessary step for the 
lignin derived pyrolysis oil to meet the fuel specification. 
 
The catalytic bio-oil upgrading involves a series of complex reactions. Generally 
speaking, the upgrading process stabilizes the bio-oil, reduces or eliminates the poor 
properties mentioned above, and makes the bio-oil compatible with gasoline. The most 
common upgrading approaches are hydrodeoxygenation (HDO) and zeolite cracking. 
Mortensen et al. gave a detailed review of the upgrading of whole biomass derived bio-
oil by HDO and zeolite cracking. [72] Huber and Corma et al. also reviewed the synthesis 
of transportation fuels from the whole biomass and both upgrading methods were 
introduced in the bio-oil upgrading section. [73] Briefly speaking, HDO process produces 
high quality oil, but it requires pressurized hydrogen as reactant. The cost for hydrogen 
and pressurized reactor are significant barriers for the promotion of HDO process. Zeolite 
cracking only needs a low amount hydrogen and a regular non-pressurized reactor. 
However, the produced oil is in inferior quality (low H/C ratio) and the coking problem is 
much more prominent than that in the HDO process. [74] Moreover, although zeolites are 
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effective in the deoxygenation of small oxygenates (such as aldehydes and ketones), their 
capability for phenolics deoxygenation is limited because these phenolic compounds are 
too large to diffuse into the small pore opening. [75-77] This thesis work focuses the 
catalytic HDO reaction and related reaction mechanisms. 
 
Hydrodeoxygenation reaction is the removal of the oxygen-containing functional groups 
with the presence of hydrogen. It often accompanies with hydrogenation reaction. The 
common features of the model compounds for lignin pyrolysis oil are phenolic hydroxyl 
group, methoxyl group, and aromatic ring. The purpose for HDO is to hydrogenate the 
unstable unsaturated bonds and to reduce the oxygen content in the pyrolysis oil. 
Research showed that the pyrolysis oil tended to repolymerize under 448 - 523 K with the 
absence of a catalyst or hydrogen, followed by char formation within a couple minutes. 
[78] However, in the presence of the catalyst and hydrogen, the pyrolysis oil converted to 
stable compounds under the same condition.  
 
2.6 Review of noble metal catalyst for HDO reaction 
 
Two types of catalysts are commonly used in the HDO process. The first type is sulfide 
catalysts, such as NiMoS/Al2O3, CoMoS/Al2O3, etc. Such type of catalysts has been 
widely used in the petroleum industry for decades. [72, 79, 80] The technique is mature 
and the reaction mechanisms are well studied. The cost for this type of catalysts is much 
lower than the second type of catalysts. Oxygen atoms in phenolic compounds can be 
effectively removed by these sulfide catalysts with high yields of aromatic and saturated 
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products. [79-84] However, bio-oil is different to the conventional fossil feedstock. The 
bio-oil from biomass pyrolysis contains a large amount of water and a negligible amount 
of sulfur. Although the sulfide catalysts are good at oxygen removal, the high amount of 
oxygen can cause rapid catalyst deactivation during the HDO. [85] Second, the water in 
biomass derived bio-oil also induces catalyst deactivation. Therefore, most of the 
reactions catalyzed by sulfide catalysts were conducted in the gas phase. [86] The high 
coking formation also reduced the life of the catalysts. [86-88] Some of the catalysts 
required sulfur during the reaction which causes sulfur contamination. [89] 
 
The second type of catalysts is the transition metal catalysts, including platinum, 
palladium, ruthenium, rhodium, etc. This category of catalysts is tolerant to the aqueous 
solvent. Therefore, the HDO reaction can be carried out with the existence of water steam 
or even in the aqueous phase. Generally speaking, noble metal catalysts have higher 
reactivity than the sulfide catalyst that it requires a less severe reaction condition. [90, 91] 
One of the disadvantages of noble metal catalyst is that it is sensitive to sulfur that sulfur 
removal is a necessary step. Among the common lignin separation approaches, kraft 
pulping process is the only one which induces a large amount of sulfur. For other 
processes, noble metal catalyst will not encounter such problem. The cost of the noble 









Platinum is the most extensively studied catalyst in this category. It was widely used in 
various HDO reactions and showed robust reactivity. [71, 74, 78, 89, 92-99] This section 
only focuses on its catalytic behavior during the reaction. 
 
Overall speaking, platinum has high reactivity in the aromatic ring hydrogenation. To 
remove the oxygen in the compound, in most cases, a bifunctional catalyst is necessary 
because the removal of oxygen requires acid sites on the support material. Lobo et al. 
used Pt/γ-Al2O3 catalyst to hydrogenate meta-cresol under 533 K. [92] The platinum 
metal only hydrogenated the aromatic ring and the acid site on the support promoted the 
dehydration reaction after the hydrogenation reaction. The kinetics study showed that 
phenolic ring saturation was the rate-limiting step. Increasing the dispersion of platinum 
enhanced the hydrogenation activity. [74] The dispersion of platinum is not only 
determined by the surface area, but also by the surface chemistry of the support material. 
Jones et al. [93] found that platinum catalyst was efficient at ring saturation under 473 K. 
However, it could not remove the hydroxyl group from both phenol and cyclohexanol. 
Bicyclic molecules were produced in the reaction, which indicated the occurrence of the 
ring-coupling reaction on the metal surface. Not only the hydroxyl group, during the 
hydrogenation of guaiacol under 523 K, both methoxyl and hydroxyl group could not be 
removed by platinum catalyst alone. [94] 
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However, another research demonstrated that under some conditions, the oxygen could 
be partially or completely removed by using platinum catalyst. Gates et al. [71] carried 
out HDO experiments with four model compounds using Pt/γ-Al2O3 catalyst under 573 K. 
Both HDO and hydrogenolysis reactions were observed under the condition. The author 
defined the two terms as following: hydrodeoxygenation indicated that the oxygen atom 
was removed from the aromatic ring, and hydrogenolysis meant that the oxygen atom 
was still attached to the aromatic ring after the C-O cleavage (Figure 2.6). The kinetic 
data were calculated on the basis of the experimental results and hydrogenolysis reaction 
is predominant in anisole and 4-methylanisole. For guaiacol, the reaction rate of 
hydrogenolysis was still higher than that of the HDO reaction. Once the aromatic ring 
was saturated, the Pt catalyst could not effectively deoxygenate the cyclohexanone and 
cyclohexanol under this condition. 
 
 
Figure 2.6 Difference between Hydrogenolysis and Hydrodeoxygenation[71] 
 
Fukuoka et al. [97] used Pt/activated carbon (AC) catalyst to study the HDO reaction of 
4-propyl-phenol in the aqueous phase at 553 K under acid-free condition. The aromatic 
structure was hydrogenated initially on the metal surface, and then the deoxygenated 
products are produced. In the NH3-TPD (temperature programmed desorption) profile, 
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Pt/AC showed no peak, which meant that there was very few acidity sites on the surface. 
Therefore, the acid-site catalyzed dehydration reaction was not observed during the 
reaction. The hydrogenolysis reaction occurred on the platinum surface. This catalyst was 
reused for three times and no deactivation was observed. 
 
Besides hydrogenation and deoxygenation reactions, platinum is also able to catalyze the 
methyl removal/transfer reaction. Resasco et al. [95] did the HDO of anisole under 673 K 
using Pt/Hβ zeolite as the catalyst. On the platinum surface, demethylation of the anisole 
was the primary reaction. The platinum catalyst showed low activity towards the 
hydrogenation reaction under this condition. The presence of Pt also improved the coke 
tolerance that the coke amount of the Pt/ Hβ was lower than that with the Hβ zeolite. 
Krause et al. [78] performed guaiacol HDO experiment at 373 and 573 K and the methyl 
transfer reaction was only observed under low temperature. 
 
Not all types of aromatic compounds can be effectively hydrogenated by platinum 
catalyst. In the study by Liang et al., [99] Pt/silica-alumina neither hydrogenated the 
aromatic ring, nor removed the oxygen for benzofuran at 553 K. 2-methyl-2-pentenal is 
introduced as a special case here. Although it is not a model compound of the lignin 
pyrolysis oil, it contains C=O and C=C bonds. Both bonds exist in the bio-oil. Mallinson 
et al. [96] performed the experiment under 473 K and Pt/SiO2 was used as the catalyst. Pt 
showed high reactivity with the model compounds. The calculated rate constants 
indicated that platinum mainly catalyzed the hydrogenation of C=C bond that the reaction 
rate of C=O bond was much slower. The preference for C=C bond hydrogenation was 
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also reported in two other publications. [100, 101] In the meantime, the aliphatic-OHs 
could be cleaved under this condition.  
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- γ-Al2O3 - HYDa, HDO [102] 
Meta cresol 533 K 
0.05 
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- γ-Al2O3 - HYD [103] 
















Guaiacol 523 K 4 MPa - 
γ-Al2O3, 
SiO2, NACc 
n-decane weak HYD [106] 









8 MPa - ZrO2 hexadecane 
HYD 
[108] 
573 K Deoxygen 
Benzofuran 553 K 3 MPa - SiO2-Al2O3 decalin HYD, HDO [86] 
2-methyl-2-
pentenal 
473 K 0.1 MPa 12 SiO2 - HYD [82] 
* a: Hydrogenation, b: Mesoporous, c: Nitric acid treated carbon black, 
 
Table 2.7 summarizes the catalysts, reaction conditions, model compound studies, and 
reaction types included in this section. It is easy to find that temperature plays a key role. 
Under 373-533K, platinum mainly hydrogenates the aromatic structure. Almost all of the 
model compounds listed were fully hydrogenated under this temperature. Deoxygenation 
occurs at a temperature over 553 K. Krause et al. [78] performed guaiacol HYD/HDO 
experiment at 373 K and 573 K. At 373 K, hydrogenated oxygen-containing compounds 
were the major products. When the temperature increased to 573 K, benzene became the 
predominant product. The author explained that the high temperature suppressed the 
hydrogenation reaction and the amount of hydrogen adsorbed on the catalyst surface at 
different temperatures was proposed to be the major cause. A related study showed that 
hydrogen adsorption was an exothermic reaction. [109] Low hydrogen coverage on the 
catalyst surface at high temperature reduced the reaction rate for both HYD and DO. [78] 
According to the experimental results, the reaction rate of the HYD reaction was 
significantly reduced because it required a lot more hydrogen than the deoxygenation 
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reaction. On the other side, it was more conducive to ring saturation under a high 
hydrogen pressure and a low temperature. [95] 
 
How the model compounds interact with the catalyst surface directly determines the 
behavior of catalyst. Pt(111) is the most stable facets of the Pt crystal. [89] The 
adsorption of the anisole and its derivatives on Pt(111) surface was studied. [110] Anisole 
was less strongly bonded to the Pt(111) surface compared to the parent molecule benzene, 
probably due to the steric hindrance of the methoxyl group. The most stable configuration 
between anisole and Pt surface is the horizontal configuration that the organic molecule 
adsorbs in parallel to the metal surface with both aromatic ring and oxygen above the 
bridge sites. The binding energy for this configuration is 2.23 eV for Pt(111). The vertical 
configuration results in a much weaker adsorption. The binding energy is only 1.09 eV. 
The adsorption on the stepped surface has also been studied because it is often considered 
as the preferable sites for catalysis. The binding energy of Pt(211) is only 0.64 eV. The 
dissociation of phenol into phenoxy is endothermic on Pt(111) with reaction energy equal 
to 0.26 eV.  
 
The addition of promoter is widely used to enhance the catalytic reactivity. Pt catalyst 
doped with 3d metals shows superior performance than monometallic Pt in the 
hydrogenation reaction. [111, 112] Adding Ni or Co into the Pt not only increased the 
HDO activity, but changed the products distribution as well. [92] The deoxygenation 
selectivity was also higher on bimetallic catalysts, probably due to the additional active 
sites generated. The EXAFS study showed that Pt-Ni and Pt-Co coordination number 
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clearly reflected the bimetallic structure. If the number was greater than one, the Pt atom 
was surrounded by more Ni or Co atoms than Pt atoms. The DFT study suggested that the 
Pt terminated surface had weaker bonding with hydrogen and hydrocarbon adsorbates 
than it is with the monometallic Pt surface, which resulted in more optimal binding 
energies and higher rates of hydrogenation. [111-113] Rh doping was also studied that 
PtRh alloy catalyzed guaiacol HDO had higher conversion than that of the monometallic 
Pt catalyst. [78, 99] On the other hand, some dopant may cause adverse effects. For 
example, adding Pd into platinum catalyst reduced the guaiacol conversion due to the 




Palladium is another widely used HDO catalyst. Under 423 K, Pd effectively 
hydrogenated phenol, anisole, catechol and guaiacol in aqueous phase. [114] With the 
presence of the phosphoric acid, Pd/C catalyst converted phenolic and guaiacol-based 
compounds into aliphatic molecules in the aqueous phase under 353 K. The turnover 
frequency (TOF) is very high (>1000 hr-1) and the recyclability is excellent. No catalyst 
deactivation was observed in 6 hours after the reaction begins. [115] For the phenolic 
dimers connected in various linkages (including α-O-4, 4-O-5, β-1, 5-5, β- β), the Pd/C 
and solid acid HZSM-5 achieved 100% hydrogenation and deoxygenation at 473 K in 
aqueous phase. [116] 
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Sometimes the palladium catalyst shows similar behavior as platinum catalyst. Therefore, 
both catalysts are often compared in some study. The activity of these two catalysts is 
highly depended on the reaction condition. In the study by Liang et al., the metal 
dispersion of Pd was only half as the Pt catalyst, but the CO uptake amount of the Pd 
catalyst was 50% higher than the Pt catalyst. [99] The Pd catalyst also showed higher 
activity than the Pt catalyst in both hydrogenation and HDO of benzofuran. The study 
indicated that the HYD of benzofuran and the cleavage of C-O were easier with Pd than 
those with Pt. In some other cases, Pt showed better performance than Pd. In the HDO of 
4-propyl-phenol under 553 K in acid-free aqueous solution, Pd/active carbon (AC) was 
used as catalyst. [97] Compared with Pt, Ru and Rh, Pd showed superior reactivity in the 
hydrogenation reaction, but not the hydrogenolysis of the C-O bond. More than half of 
the aliphatic-OH bonds were left intact. Another example was that under 373 K and 8.0 
MPa H2, Pd was not effective in either the hydrogenation or the hydrodeoxygenation of 
guaiacol. Half of the methoxyl groups were removed under this condition. [78] 
 
Understanding how the metal particles are dispersed in the supporting material is helpful 
in the catalyst optimization. In the study by Suzuki et al, [117] CeO2 and ZrO2 were used 
as the supporting materials. The amount of H2 chemisorbed on the Pd metal surface 
increased abruptly when Pd loading increased from 1 to 3 wt.%. On the other hand, the 
Pd crystallite size increased almost linearly. These two facts indicate that 1) deposition is 
more on the external surface as the load increases, 2) Pd first preferentially occupies the 
internal surface. The increasing in the Pd loading increases the d-spacing of CeO2 
mesoporous structure, which means Pd particles expand the pore size. For CeO2 support, 
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the increasing loading led to higher conversion, but lower TOF value. [117, 118] 
Cyclohexanone was the major product under low Pd loading and the yields of hexanol 
and hexane increased with higher Pd loading. The temperature effect has also been 
studied that maximum conversion was obtained under 333 K. Above 333 K, the overall 
conversion decreased monotonously with the increasing temperature. Other two 
researchers also found that the maximum conversions were obtained at 333 K. [118, 119] 
When the temperature went higher, more cyclohexane, cyclohexanone and less 
cyclohexanol were produced. [117, 120] For ZrO2 support, the result was much simpler 
that the conversion of phenol is similar to that with Pd/CeO2 and the selectivity towards 
cyclohexanone was above 90%.  
 
Pd4Pt1 has been synthesized to study the alloy effect. [99] The dispersion of Pd4Pt1 was 
twice more than the Pd monometallic catalyst and the CO uptake amount of Pd4Pt1 was 
also doubled. The selectivity of Pd4Pt1 towards deoxygenated products was 80% and the 
selectivity with Pd monometallic catalyst was only 37%. The TOF of Pd4Pt1 was 16.88, 
which was much higher than the TOF of Pd 2.15. After alloying with Pt, there were two 
major changes with the Pd catalyst: the bonding length and the electronic density. From 
the CO chemisorption change, these factors enhanced the exposure of active sites on the 
catalyst surface. 
 
Orita and Itoh studied the formation of phenol from benzene on the surface of Pd(111). 
[121]  Pd(111) is the most stable facet for palladium. Even in polycrystalline Pd, it is still 
the most abundant. The adsorption of phenol on the Pd surface is less stable than that of 
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benzene. The adsorption energy of phenol on Pd(111) is −7.85 eV. When one hydrogen 
atom is attached to the C-1, the adsorption energy of the intermediate increases to -6.85 
eV. The O-atom and benzene are both adsorbed on one unit cell. The co-adsorption 
system becomes more stable (−7.06 eV). The last step is C-O bond cleavage. The sum of 
adsorption energies of the oxygen atom and benzene in separate domains is −7.26 eV, 




Rhodium is a relatively newly developed catalyst compared with the platinum and 
palladium catalysts. However, it shows excellent performance in some cases. Under 553 
K in acid-free aqueous solution, Rh/activated carbon (AC) effectively catalyzes the HDO 
of 4-propyl-phenol. [97] The conversion is 100% and over 83% of the aliphatic-OH 
bonds are cleaved. The hydrogenation of guaiacol occurs at 331-381 K and the 
deoxygenation reaction occurred over 523 K. [94] Both temperatures were lower than 
those required by platinum catalyst. This indicates the high reactivity of Rh in the HDO 
experiment. In another guaiacol HDO experiment conducted under 373 K, the 
predominant product with Rh catalyst is 1-methyl-1,2-cyclohexanediol. [78] The 
hydrogenation conversion was 100%. However, the Rh catalyst was not effective in C-O 
hydrogenolysis. The superior catalytic performance of Rh is probably due to the high 
amount of irreversible chemisorption of H2 on the Rh surface. 
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The temperature effect of guaiacol HDO has also been studied with Rh catalyst. [122] 
The temperature range studied is 573 - 673 K. The increasing temperature led to higher 
cyclohexane yield. The coke formed on Rh decreased with the increasing temperature. 
The CxHyO2 compound decreased dramatically in the temperature range (especially 
between 623 and 673 K). The yields of both mono-oxygen molecules and aliphatic 
molecules increased. At 673 K, the aliphatic yield was almost 50%. RhPt and RhPd were 
both synthesized and the monometallic Rh catalyst had higher HDO reactivity than both 
of them. 
 
Rh(111) is the most stable facets of Rhodium.[89] Phenol shows strong adsorption on 
Rh(111) with a binding energy of 2.79 eV under the horizontal configuration. Under 
vertical configuration, the binding energy is 1.15 eV, which is much weaker than that of 
the horizontal configuration. On the stepped surface Rh(211), the binding energy reduces 
to 1.79 eV. The dissociation of phenol to phenoxyl is -0.27 eV, which indicates the 
exothermic reaction. However, for finite coverage, the dissociation reaction on Rh(111) 




Ruthenium on activated carbon was used to catalyze the HDO of 4-propyl-phenol under 
553 K in acid-free aqueous solution. [97] In this study, the ruthenium catalyst achieved 
100% hydrogenation, but the deoxygenation capability of Ru was weaker than the Rh and 
Pt catalysts that only 50% aliphatic-OH bonds were cleaved.  
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The performance of ruthenium is highly affected by the supporting material. Although 
this phenomenon is also generally observed for other metal catalysts, the effect is much 
stronger for ruthenium. In the study by Park et al., platinum, rhodium, palladium and 
ruthenium were compared in guaiacol HDO with three different support materials. [94] 
When using γ-Al2O3/SiO2-Al2O3/nitric acid treated carbon black as the supports, the 
highest product yields for ruthenium catalysts are cyclohexanol, cyclohexane, and 2-
methoxycyclohexanol respectively. The selectivity of the ruthenium was the best among 
all four catalysts. 
 
The HDO of phenol and anisole using Ru/charcoal was studied by Kluson and Cerveny. 
[125] The reaction network was proposed and kinetics data were calculated. The reaction 
network are discussed in detail in the model compounds study review. The results 
indicated that ruthenium was able to remove the aliphatic-OH groups through 
dehydration reaction. When there was a carbonyl group attached to the aromatic ring, the 
C=O bond was hydrogenated first, then the hydrogenation of aromatic ring happened. 
 
Zhang et al. studied the hydrotreating of eugenol with ruthenium catalyst. [126] The 
major crystal facet of ruthenium is Ru(101) and the major facet of Pd is Pd(111). Under 
the similar condition, ruthenium showed much higher activity than palladium, which was 
in accordance with the study by Greenfield. [127] The reactivity of catalyst had no loss 
after two runs with model compounds. When the distillate fraction from bio-oil was used 
as the reactant (major components were phenolic compounds, such as phenol, 2-
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methoxyphenol, 4-ethylphenol, 4-methyl-2-methoxyphenol, 4-ethyl-2-methoxyphenol), 
Ru catalyst lost its activity rapidly. The BET study showed the reduction in both surface 
area and pore volume, which indicated the coke or tar formation in pore channels. The 
study further revealed that Ru0 is the major role in HYD reaction. 
 
Heeres et al. studied the hydrotreatment of the fast pyrolysis oil using Ru/C at 623 K and 
20 MPa H2 pressure. [128] The ruthenium catalyst was highly effective in the 
deoxygenation initially. The O/C molar ratio decreased from 0.45 to 0.02 within the first 
hour. However, it increased again from 0.02 to 0.07 in the following five hours, probably 
due to the low O/C ratio compounds transferring from the oil phase to the gas phase. The 
H/C ratio was 1.35 for the pyrolysis oil. It dropped to 1.05 in the first hour, and then 
increased to 1.32 after six hours. The initial drop was probably caused by the loss of 
hydrogen for dehydration. 
 
2.6.5 Support effect 
 
The surface acidity is a key feature of the support material. Acid sites on HBeta are well 
known for catalyzing the alkyl transfer reaction. [77] In the paper published by Resasco 
et al, the inter-molecule methyl transfer was observed with HBeta zeolite support. When 
the SiO2 was used as the support, methyl were rapidly hydrogenated to form methane. 
The results suggest that the methyl group is stable on the zeolite surface, but unstable on 
the SiO2 surface. Not only HBeta zeolite, both γ-Al2O3 [71] and HY zeolite [129, 130] 
induced intramolecule- and intermolecule-methyl-group-transfer reaction, especially with 
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HY zeolite catalyst. The transalkylation reaction was the only kinetically significant 
reaction class with the HY catalyst. Besides catalyzing alkyl transfer reaction, the total 
number of acid sites significantly affects the rate of dehydration. Under 373 K, the acid 
sites on ZrO2 surface were not enough to dehydrate the cyclohexanol produced by 
guaiacol and only the methyl transfer was observed in this reaction. [78] HY zeolite was 
also used under the same condition and the results illustrated that the acid protons were 
necessary for the dehydration reaction. [93] Furthermore, the HY and Hβ zeolite-
supported catalyst have higher selectivity towards bicyclics than that of the HZSM-5 
zeolite, because of the micropores structure induced shape selective effects with the 
HZSM-5 zeolite. 
 
Acidic supporting materials sometimes show synergistic effect with the metal catalyst. In 
the study by Ha et al., [94] Rh/Al possessed 10 times more active sites compared with 
Rh/SiAl. However, the Rh/SiAl catalyst exhibited much better HDO activity. The even 
mechanical mix of metal-deposited non-acid support and noble-metal-free SiAl enhanced 
the deoxygenation reactivity. When using Pt/ZrO2 as the catalyst, only negligible 
deoxygenated products were produced. 
 
Besides the acid-sites on the solid support, the mineral acids also show similar effect. For 
example, several noble metal catalysts are used for phenol HDO reaction and a variety of 
the supporting material, includes sulfated zirconia, Amberlyst 15, Nafion/SiO2 and 
Cs2.5H0.5PW12O40, were studied. All these catalysts reach fully conversion and 90% 
selectivity towards cycloalkane in the aqueous phase HDO. [116] The activation energy 
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of the five solid acids are below 120 kJ/mol, which is almost equal to the activation 
energy of H3PO4 in aqueous phase reaction. HZSM-5 is a special case. HZSM-5 (Si/Al 
ratio 45) produces 93% cycloalkanes due to the lower activation energy of dehydration 
(approximately 95 kJ/mol). Therefore, HZSM-5 is able to catalyse the dehydration 
reaction under lower temperature. 
 
The acid sites on the surface further affect the interaction between the reactant and the 
support material. The chemisorption of guaiacol was measured with ZrO2 and γ-Al2O3 
supports. [122] No special response of the guaiacol desorption on γ-Al2O3 surface was 
observed. ZrO2 exhibited at least three peaks in the desorption profile. The total surface 
area of ZrO2 was larger than that of γ-Al2O3, which indicated that the bonding strength 
between guaiacol and ZrO2 was weaker than that between guaiacol and γ-Al2O3. Due to 
the acid strength of γ-Al2O3 was stronger than ZrO2, the results indicated that the stronger 
acid strength resulted in firmer bonding with the model compound. In another study, [131] 
ZrO2 showed better catalytic activities toward Carom-O hydrogenolysis through 
demethoxylation and direct deoxygenation than TiO2 and Al2O3. 
 
Not only the acid strength, but also the porous structure affects the activity of the catalyst. 
The porous supporting material with large pore size can increase the diffusion rate of 
model compounds inside the catalyst. As mentioned above, zeolites are better than 
alumina and silica in the phenol HDO because of their stronger acidity. However, small 
pore opening often causes diffusion limitation, especially for the large compound. [93] 
Therefore, mesoporous zeolite is an ideal material. It has the advantages of both zeolites 
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and mesoporous material. The MZ-5 zeolite used in the paper possessed intra-crystalline 
wormhole mesopore channels. The reaction rate increased with the larger pore size, due 
to the enhancement of the diffusion. 2-methyl-2-pentene isomerization was used as a 
model compound to compare the acidity of the catalyst and the results demonstrated that 
MZ-5 and ZSM-5 had higher acidity than γ-Al2O3.  Pt/γ-Al2O3 catalyst exhibited high 
HYD reactivity due to the high Pt dispersion and mesoporous nature. But the mild acidity 
of the supporting material limited the dehydration reaction. Pt/ZSM-5 showed limited 
hydrogenation ability due to the small pore size. Overall speaking, MZ-5 exhibited high 
reaction rate in both hydrogenation and dehydration reactions. 
 
Suzuki et al. [117] compared the reactivity of Pd deposited on MgO, γ-Al2O3, 
mesoporous CeO2 and mesoporous ZrO2. Pd/MgO was very active and it had high 
selectivity toward cyclohexanone. However, MgO had very poor mechanical strength, 
which inhibited it from being used in industrial scale. γ-Al2O3 was the least active and 
most selective among these supports. Mesoporous CeO2 and mesoporous ZrO2 were 
equally active. The high catalytic activity of mesoporous supports compared to that of the 
commercial microporous supports was attributed to the high dispersion of the palladium 
particle and small crystallite size of the supporting material, which was validated by the 
high BET surface area. ZrO2 had relatively stronger acids and bases than those in CeO2. 
When the system was heated up between 473 and 673 K, the surface reduction of CeO2 
began and it became CeO2-x/Ce2O3-like non-stoichimetric oxide with anion vacancies, 
thus the Lewis acidic and basic sites were formed. Phenol was adsorbed in non-planar 
fashion. The redox property of CeO2 also facilitated the alkylation of phenol with 
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propanol. [132] ZrO2 had a stable structure that it did not reduce under the hydrogen 
atmosphere. The hydrogen molecules were adsorbed dissociatively on the solid surface as 
Zr-OH, Zr-H and ZrHZr [133] that the surface hydroxyl groups had the acidic or basic 
character with Brønsted centers, depending on the polarization of the OH group. Carbon 
deposition during the alkylation and hydrogenation of phenol on these Brønsted center is 
one major cause of the activity decay. [134, 135] 
 
The structure change of the support material during the reaction is one of the major 
causes for catalyst deactivation, especially when the reaction is carried out in the aqueous 
phase. Both SiO2 and γ-Al2O3 tend to degrade with water and water vapor. In the study 
by Aprile et al. [136], the pore structure in SiO2 support collapsed after the reaction in 
aqueous phase, which led to the complete deactivation of catalyst. The solubility of the 
amorphous silica in water was also measured, but the amount was relatively minor. [137] 
The transformation of γ-alumina had been investigated by Lefevre et al. [138] The study 
revealed that γ-alumina transforms to bayerite (β-Al(OH)3) gradually with the presence of 
water and most of the acidity sites were disappeared, which resulted in the low reactivity 
of the catalyst. 
 
2.7 Reaction mechanism of lignin model compounds HDO 
 
2.7.1 Phenolic based compound 
 
Phenol is the most commonly studied model compounds in lignin derived bio-oil 
upgrading. [89, 93, 97, 114, 115, 117] It is the simplest compound which consisted 
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aromatic structure and phenolic hydroxyl group. The understanding of the phenol HDO 
reaction path can reveal the fundamental reaction mechanism of other related compounds.  
 
In the study of Lercher et al., [114, 115] the reaction path is proposed as follows: 1) 
aromatic ring was partially hydrogenated to cyclohexanone or fully hydrogenated to 
cyclohexanol, 2) the cyclohexanone was further hydrogenated to cyclohexanol, 3) the –
OH of cyclohexanol was removed through dehydration, 4) the C=C double bond of 
cyclohexene was finally hydrogenated and cyclohexane was produced. The authors 
believed that the phenol and cyclohexanol could not be directly deoxygenated. The 
detailed reaction pathways were marked in (1) – (4) in Figure 2.7. 
 
Jones et al. proposed another reaction pathway in phenol HDO [93]: a) Phenol was 
converted into cyclohexenol as an intermediate product, b) the cyclohexenol was 
converted to cyclohexanone or further hydrogenated to cyclohexanol, c) cyclohexanol 
was dehydrated to cyclohexene, d) cyclohexene was finally hydrogenated to cyclohexane. 
Two extra proposed steps were e) directly HDO of phenol to form benzene and f) 
hydrogenolsysis of the C=O bond of cyclohexone, which produced cyclohexane in one 
step. These reactions are marked in (a) – (f) in Figure 2.7. 
 
The Gibbs energy in each step for phenol HDO was calculated by Keane et al. under 498 
K. [135] The values were listed below the arrows in Figure 2.7 and the unit is kJ/mol. 
Besides the partial hydrogenation of benzene to cyclohexene, the standard free energies 
of all other HYD/hydrogenolysis reactions were negative. Therefore, all of the 
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hydrogenolysis steps and the benzene hydrogenation steps were considered to be 
irreversible. Cyclohexanone was produced by hydrogenation of cyclohexeneol followed 
by a tautomerism, but the Gibbs energy was not able to be calculated due to the missing 
of thermodynamic data for this reaction. 
 
 
Figure 2.7 Reaction network proposed for phenol HDO and the calculation of Gibbs 
energy in each step. [117] 
Reaction condition: 0.5 gram of Pd/CeO2 or Pd/ZrO2 catalyst, phenol and benzene 
mixture flowrate 0.3 cm3/h, hydrogen flow 20 cm3/min, temperature 433 - 503 K. 
 
How the phenol is adsorbed on the catalyst surface has also been discussed. [89] After 
phenol is adsorbed on the metal surface, the C-C bond is slightly stretched, which makes 
it more close to the sp3 hybrid than the sp2 hybrid. The C-O bond is slightly shifted away 
from the horizontal benzene and the bonding length is also increased. Both changes 
increase the reactivity of C=C and C-O bond and make the hydrogenation and HDO 
reactions possible. Suzuki et al. [117] studied the formation of cyclohexanone and 
cyclohexanol from benzene. The results suggested that the selectivity toward 
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cyclohexanone or cyclohexanol depended on the configuration of phenol adsorption on 
the metal surface. Cyclohexanone was produced if phenol was adsorbed non-planar to the 
surface. If the phenol was adsorbed co-planar to the surface, cyclohexanol was produced 
directly. The configuration of phenol adsorption was governed by the nature of the 
support, mainly the acid-base properties. [119, 134] 
 
2.7.2 Anisole based compounds 
 
Compared with phenol, anisole has one more methyl group attached to the oxygen. One 
common reaction of anisole is transalkylation reaction, in which the methyl group 
transfers from the methoxyl group to the aromatic ring. Resasco et al. observed the acidic 
catalyzed transalkylation reaction, yielding phenol, cresols and xylenols as the major 
products. [95] The reaction was carried out in gas phase under 673 K and an atmospheric 
hydrogen pressure. The noble metal catalyst was able to cleave the PhO-CH3 bond and 
generates phenol and methane. The phenol was further hydrodeoxygenated and yielded 
benzene or cyclohexane. The presence of the noble metal and acid support also had a 
synergistic effect that the methyl group was transferred to the aromatic ring first, then the 
HDO reaction occurred, which reduced the carbon loss as methane. The reaction path 




Figure 2.8 Reaction path of anisole HDO on a) only acid site, b) only metal and c) metal 
and acid site. [95] 
Reaction condition: Pt/HBeta catalyst (5-240 mg), anisole flowrate 0.03 – 0.48 mL/hour, 
H2/Anisole molar ratio was 50, temperature 673 K. 
 
With the existence of water, the reaction path is slightly different. In aqueous phase 
reaction, methanol was produced through acid hydrolysis. [114] Weckhuysen et al. 
carried out the HDO reaction of anisole under 573 K and 5.0 MPa hydrogen pressure. 
[139] The selectivity of anisole toward phenol and methyl phenol were > 35% and 10-
35%, respectively. 
 
2.7.3 Catechol based compounds 
 
Two major reaction paths for catechol HDO are a) hydrogenation first, then 
deoxygenation reaction, and b) removal of one hydroxyl group first, and the following 
reaction mechanisms are the same as phenol. [114, 139] The reaction pathways are drawn 
in Figure 2.9. Under 473 K and 5.0 MPa hydrogen pressure, the selectivity of catechol 
towards 2-hydroxycyclohexanone was 80% in aqueous phase. [114] The following 
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dehydration of 2-hydroxycyclohexanone was a fast step under acid condition and 
cyclohexanone was formed via two parallel reactions. The major reaction pathways were 




Figure 2.9 Reaction path of catechol HDO. [114] 
Reaction condition: aqueous phase HDO. Metal: Pd, Pt, Ru, Rh; catalyst support: C, 
Al2O3, SiO2; temperature: 423, 473, 523 K. In a specific run, 40 mg 5wt.% catalyst was 
added to the autoclave. The reactions were conducted at 473 K for 0.5 h. 
 
2.7.4 Guaiacol based compound 
 
Guaiacol is the most representative model compound for lignin and lignin-derived bio-oil. 
Compared with phenol, there is one more methoxyl group attaching to the aromatic ring. 
This small change makes the reaction network of guaiacol much more complex than that 
of phenol. During the reaction, HDO, hydrogenolysis, transalkylation, bimolecular 
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transalkylation, and hydrogenation are all observed. [71] The complete reaction network 
is shown in Figure 2.10 and the reaction rate constants are marked next to the arrow.  
 
Figure 2.10 Part of the Reaction network for guaiacol HDO. [71]  
Reaction condition: Catalyst loading 0.001 - 0.100 g Pt/γ -Al2O3, liquid reactant 
(guaiacol, anisole, 4-methylanisole or cyclohexanone) flowrate was 0.030 mL/min. The 
reactor temperature was 573 K and the pressure was 140 KPa. 
 
Following conclusion can be extracted from the information above. 
1) The methyl group in the guaiacol is very unstable. The acid support can transfer 
the methyl intermolecularly or intramolecularly. The transferred methyl groups  
often attach to the aromatic ring or generate the methane gas. 
2) The methoxyl or hydroxyl group of the guaiacol is cleaved in one step. Both 
products can be further HDO to produce benzene. 
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3) Guaiacol cannot be hydrogenated in one step under this condition. Normally it is 
converted to anisole or phenol first, and then the aromatic ring is hydrogenated. 
4) Cyclohexane is produced via two major routes. The first is from the 
hydrogenation of phenol, which is the HDO product of guaiacol. Second is the 
hydrogenolysis of cyclohexanol and cyclohexanone. 
 
 
Figure 2.11 Guaiacol HDO reaction path proposed by Park et al. [94] 
Reaction condition: Metal: Pd, Pt, Ru, Rh; catalyst support: C, Al2O3, SiO2-Al2O3; 
temperature: 423 K. Reactant: guaiacol or 2-methoxycyclohexanol. In a specific run, 0.4 
g 5wt.% catalyst was added to 40 mL 7.5 wt.% solution in the autoclave. The reactions 
were conducted at 473 K for 0.5 h. 
 
In the study by Park et al., [94] the reaction path was proposed as Figure 2.11. The major 
difference compared with the reaction network in Figure 2.10 is that guaiacol was 
directly hydrogenated to 2-methoxy-cyclohexanol under 331-381 K. Then, the methoxyl 
group was removed by the acid site on support surface. In the last step, cyclohexane was 
produced by dehydration of cyclohexanol and cyclohexanone. The acid catalyst and 
temperature above 523 K were necessary for demethoxylation and dehydration reactions. 
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CHAPTER 3: PROBLEM ANALYSIS AND OBJECTIVE 
 
3.1 Problem Statement 
 
The effective utilization of lignin is always attractive. The literature review indicates the 
major obstacles in lignin application are its poor thermal stability and complex structure. 
Lignin tends to form tar and char during heating. Once the lignin polymer condenses, it is 
difficult to convert it into low molecular weight compounds. Pyrolysis is regarded as a 
promising approach. Part of the biomass can decompose to gas products and liquid 
products. Pyrolysis oil is the liquid product obtained from the process. The compounds in 
the pyrolysis oil are mainly dimers and trimers. 
 
The pyrolysis process could successfully convert lignin from a solid to a liquid oil. 
However, the oil cannot be directly used due to several poor properties, such as thermal 
instability, corrosiveness, poor volatility, high coking tendency, low heating value, and its 
immiscibility with petroleum fuels. Hence, it is necessary to develop an upgrading 
process that can increase the oil quality. 
 
3.2 Problem Analysis 
The primary goal of this research is to upgrade the lignin derived pyrolysis oil into stable 
and gasoline compatible fuel products. There are two common approaches for oil 
upgrading: zeolite cracking and hydrodeoxygenation. In this study, the 
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hydrodeoxygenation is adopted for the lignin pyrolysis oil upgrading because the oil 
quality is superior. 
 
Hydrodeoxygenation is a catalytic process; hence, the catalyst selection is critical. The 
complex chemical structures in the pyrolysis oil are a tough challenge to the catalyst, 
which should be robust and efficient throughout the upgrading process. Therefore, the 
first challenge is to screen a proper catalyst.  
 
The complex structure of lignin and lignin pyrolysis oil is another challenge in the 
upgrading process. Without accurate product identification and structure analysis, it is 
hard to evaluate the performance and deduce the reaction mechanism. Therefore, the 
second challenge is the oil product characterization. 
 
The reaction mechanism analysis is a necessary step in this thesis study. However, 
deducing reaction pathway directly from the upgrade of lignin pyrolysis oil is difficult 





1. As discussed in Chapter 2.5 and 2.6, metal catalysts are in wide use in oil 
upgrading. The reaction mechanisms typically come from the model 
compounds study. Most of the publications [80, 86, 140-143] did not compare 
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the reaction mechanism between the upgrade of model compounds and real oil 
because of the complex structure of the oil. The first hypothesis is that 
catalysts that are highly active and selective for model compounds, and will 
also be active and selective for real lignin pyrolysis oil. 
 
 
2. Due to the different physical and chemical properties between the heavy and 
light oil, the upgrading process can be different. The heavy oil consists mainly 
of aromatic dimers and trimers. The large amount of aromatic structure is 
likely to induce the formation of tar and coke products. On the contrary, the 
light oil is predominantly monomers. The second hypothesis is that 
performing the HDO reaction of the two oils separately will increase the 
overall yield. 
 
3.  The poor thermal stability of lignin and lignin pyrolysis oil often leads to 
catalyst deactivation during the upgrading process. Therefore, one-step HDO 
cannot achieve complete upgrading. The hypothesis is that some lignin 
molecules contain more unstable groups than others. Therefore, a two-step 
HDO process was proposed. By raising the reaction temperature in the first 
HDO step, the lignin molecules with easy char formation groups will 
condense at this condition. By removing the char formed in the first step, the 







Use model compounds to screen the proper catalyst for heavy oil upgrading. 
Study the catalytic behavior of the commonly used noble metal catalysts at similar 
conditions to understand the reaction mechanisms. Pick the proper catalyst for 
lignin heavy oil upgrading. 
 
Objective 2: 
Once the proper catalyst is chosen based on the model compound study, it will be 
applied in the lignin derived pyrolysis oil upgrading process. The analysis of the 
mixed products and deduction of the HDO reaction mechanism with lignin 
pyrolysis heavy oil need to be performed. The main goals of this step are (1) to 
reveal how the lignin heavy oil decomposes from dimers or trimers to monomers, 




Analyze the chemical compositions of the light oil derived from different parts of 
the biomass, including stem, residue, and bark. Conduct the catalytic HDO 
reaction under the same condition as heavy oil upgrading. The aim is to evaluate 
the possibility of co-processing the heavy oil with the light oil. The HDO reaction 
pathways of other major components in biomass are also included in this part. 
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CHAPTER 4: NOBLE METAL CATALYZED AQUEOUS PHASE 




The growth of global energy consumption positions biofuel as an attractive alternative 
fuel source. Lignin, as the second most abundant natural polymer, receives little attention 
because of its complex structure and poor thermal stability. The US paper industry 
produces over 50 million tons of lignin per year, and over 98% of it is burned directly [5]. 
Another major source of lignin is bioethanol plants. Regardless of the technology 
employed, almost all bioprocessing approaches result in the formation of a waste lignin 
process stream [6].  Different from other biomass wastes, lignin is energy-rich. Therefore, 
it is pragmatic and desirable to find an efficient approach to convert lignin into fuel and 
useful chemicals.  
 
Pyrolysis is an economical and feasible approach for lignin conversion [144]. The slow 
pyrolysis process produces both heavy oil and light oil as liquid products [10]. The heavy 
oil consists of water-insoluble compounds, and the molecular structures in the heavy oil 
                                                 
 
 
2 Reprinted from Mu, W., Ben, H., Du, X., Zhang, X., Hu, F., Liu, W., Ragauskas, A.J., and Deng, Y., 
Noble metal catalyzed aqueous phase hydrogenation and hydrodeoxygenation of lignin-derived pyrolysis 
oil and related model compounds. Bioresource Technology, 2014. 173(0): p. 6-10, Copyright (2014), with 
permission from Elsevier. 
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are mainly dimers and trimers. Conversely, the light oil is mostly composed of water-
soluble monomers. Both oil products possess several poor properties, such as thermal 
instability, corrosiveness, low volatility, high coking tendency, low heating value, and 
immiscibility with petroleum fuels [11]. Further upgrading the pyrolysis oil via 
hydrodeoxygenation reaction can improve the conversion of biomass to fuels. 
 
Hydrodeoxygenation (HDO) has been widely used in the pyrolysis bio-oil upgrading [80]. 
Noble metal catalysts are highly reactive in the HDO reactions. The performance of the 
commonly used noble metal catalysts for HDO reaction was reviewed in the previous 
publication. [11] The sulfur-induced noble metal catalyst deactivation does not pose a 
problem in this study because lignocellulosic biomass generally only consists of a small 
amount of sulfur. Most of the studies reported in the review paper were carried out under 
various conditions with different supporting materials, making the evaluation of the 
catalytic performance very difficult. 
 
The purpose of this study is to compare the performance of the commonly used noble 
metal catalysts under similar conditions to understand the mechanistic differences 
between these noble metal catalysts in the HDO reaction. Four noble metals (Pd, Pt, Rh, 
Ru) were used with activated carbon being the support material. Compared with oxidic 
supports, activated carbon is a more suitable material to study the catalytic behavior of 
active metal because the neutral surface shows weak interaction with metals and organic 
compounds [140]. The leaching of the active metal is a potential cause of catalyst 
deactivation. According to the literature review, only a small amount of active metal is 
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leached with carbon support in the aqueous phase hydrogenation [145-148]. DI water 
with pH 7 was used as dispersant in the reaction. The neutral aqueous phase also 
facilitated identifying the genuine catalytic behavior.  
4.2 Materials and experimental procedure 
 
4.2.1 Lignin separation and purification.  
 
The milled pine wood was ethanol-organosolv pretreated as previously described in the 
literature. [149-152] In brief, 100.0 g (dry weight) sample was treated with 65% 
ethanol/water solution with 1.2 w/w % sulfuric acid at 443 K for 60 min. The solid to 
liquid ratio used was 1:8. The pretreatments were carried out in a Parr reactor equipped 
with a temperature controller (Parr Instrument Company, Moline, IL). The pre-treated 
pine wood was washed with warm (333 K) ethanol/water (8:1, 3×50.0 mL). The washes 
were combined and 3 volumes of water were added to precipitate the Ethanol Organosolv 
Lignin (EOL), which was collected by centrifugation and air dried. The EOL was 
purified by Soxhlet extraction with pentane and stored at ~ 273 K prior to use. 
 
4.2.2 Equipment and process of pyrolysis.  
 
Pyrolysis experiments were conducted in a quartz pyrolysis tube heated with a split-tube 
furnace. Typically, EOL powder sample (3.00 g) was placed in a quartz sample boat that 
was positioned in the center of a pyrolysis tube. A K-type thermal couple was immersed 
in the sample powder during the pyrolysis to measure temperature of sample in-situ. The 
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pyrolysis tube was flushed with nitrogen gas at 500 mL/min and then inserted in the pre-
heated furnace. The outflow from pyrolysis passed through two sequentially connected 
condensers that were immersed in liquid N2. Upon completion of pyrolysis, the reaction 
tube was removed from the furnace and allowed to cool down to room temperature under 
constant N2 flow. The condensers were then removed from liquid nitrogen. In general, the 
liquid products contained two immiscible phases: heavy oil and light oil. In this study, the 
heavy oil was recovered by washing the reactor with acetone followed by evaporation 
under reduced pressure and kept in refrigerator under 273 K for further study. 
 
4.2.3 Hydrogenation reaction of model compounds  
 
All catalysts used in this study were purchased from Sigma-Aldrich. The catalysts were 
used directly without any pretreatment. In a standard procedure, the catalyst should be 
reduced before the reaction, therefore, the kinetics data could be calculated from the 
conversion of the feedstock and total amount of the active sites. In this study, we focused 
more on the reaction pathway, therefore, the catalyst was used directly without reduction. 
HDO of both model compounds and EOL heavy oil were carried out in a 75.0 mL Parr 
4590 Micro Stirred Reactor. One step HDO was used for model compounds study. In a 
typical run, 25 mmol model compound and 20 mL DI water were loaded in a glass liner 
with 50 mg catalyst. A gas entrainment impeller was used in this experiment to enhance 
the mass transfer. The reactor was purged 5 times with nitrogen gas to remove the air in 
the reaction vessel followed by another 5 times purge with hydrogen to replace nitrogen. 
The initial hydrogen pressure was one atmosphere. When the temperature reached the 
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target, it was pressurized with hydrogen to 4.0 MPa. The reaction was conducted at 523 
K for 2 hours.  
For EOL heavy oil, HDO reaction was examined in two steps. In the first step, 150 mg 
heavy oil and 20 mL DI water were loaded in a glass liner with 15 mg noble metal 
catalyst. The reactor was then purged 5 times with nitrogen gas to remove the air in the 
reaction vessel and then purged another 5 times with hydrogen to replace nitrogen. The 
initial hydrogen pressure was set to 10.0 MPa and the stirring rate was 300 rpm. The 
reactor temperature was hold at 573 K for 4 hours and the reactor pressure was 14 MPa 
throughout the experiment. The water solution of the products was filtered through a 0.45 
µm syringe filter to remove the spent catalyst. The filtrate was further upgraded in the 
second-step HDO. The experiment was conducted at 523 K for 2 hours with the initial 
hydrogen pressure of 10.0 MPa and 10 mg of the fresh catalyst.  
 
4.2.4 Characterization of catalyst.  
 
 (1) BET measurement 
 
The BET surface area test of the catalyst was carried out in the Quadrasorb system from 
Quantachrome Instruments. About 50 mg of the catalyst was placed in a quartz cell, 
degassed for 24 h at 673 K. Nitrogen adsorption isotherms were measured at 77 k. 
Specific surface area and pore size were determined by applying BET model and BJH 
model, respectively. For the spent catalyst, the catalyst particles were rinsed with 5 mL 
acetone first, then it is degassed and measured in the same procedure as the fresh catalyst. 
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(2) Metal dispersion measurements 
 
Metal dispersion measurements were conducted in AutoChem II 2920 from 
Micromeritics Instrument Corporation following literature methods. [153] In brief, 
approximately 20 mg of catalyst was placed in the U-shaped quartz tube. Both ends of the 
tube were connected to the instrument. The sample was dried at 473 K for 2 hours. The 
temperature then ramped to 673 K at 10 K/min and hold at 673 K for 2 hours. After that, 
the temperature was reduced to 313 K and H2 gas was introduced to the system in pulse 
mode. The loss of the TCD signal area was caused by the hydrogen adsorption on the 
active metal surface. The metal surface area was calculated using H/M ratio of 1. 
According to the literature, the reduction peak of Ru on carbon support is between 373 – 
383 K [154]. 
 
(3) Scanning electron microscope (SEM) 
 
SEM images were taken by LEO 1530 Thermally-Assisted Field Emission (TFE) 
Scanning Electron Microscope with a 3 kV acceleration voltage.  
 
4.2.5 Quantitative 1H-NMR and 13C-NMR.  
 
All NMR spectral data reported in this study were recorded with a Bruker Avance/DMX 
400 MHz NMR spectrometer. Quantitative 1H-NMR was acquired with 16 transients and 
1.0 s pulse delay. (Note: the longest T1 was determined to be 0.16 s). Quantitative 13C 
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NMR employing an inverse gated decoupling pulse sequence, 90° pulse angle, a pulse 
delay of 5.0 s for heavy oils and 10.0 s for hydrogenated products (Note: the longest T1 
for pyrolysis oil was determined to be 0.8 s. For the hydrogenated products after adding 
the relaxation reagent Cr(acac)3, the T1 relaxation time reduced from 6 s to 2 s. The T1 
was measured using the Inversion-Recovery method and calculated with Bruker’s 
TopSpin software 2.1 and the number of scan is 6,000. [67, 69] 
 
4.3 Reactivity with model compounds 
 
Phenol, catechol and guaiacol are commonly used as model compounds to study the 
reaction mechanisms of lignin pyrolysis oil upgrading. As shown in Figure 4.1, there are 
three major reaction pathways in the HDO of guaiacol: (1) direct hydrogenation of 
aromatic ring, (2) demethylation reaction and (3) demethoxylation reaction. No 
transalkylated product was detected after the reaction because transalkylation reaction is 
catalysed by the acid site, [95] and the untreated carbon support processes few acid sites. 
[155] For phenol and catechol, all four catalysts showed similar reactivity. However, both 




Figure 4.1 Reaction path of guaiacol HDO. 
 
The conversions of the model compounds of all four catalysts are summarized in Figure 
4.2 (a), and the experimental results with different guaiacol/catalyst weight ratios are 
shown in Figure 4.2 (b). The reactivity of the four catalysts with the three model 
compounds are different because each combination of the catalyst and model compound 
has various activation energy and adsorption energy. The main products from phenol 
hydrogenation were cyclohexanol and cyclohexanone, caused by the adsorption 
configuration of phenol on the catalyst. Cyclohexanone is produced if phenol is adsorbed 
non-planar to the surface. If the phenol is adsorbed co-planar to the surface, cyclohexanol 
is produced directly. [117] The selectivities of phenol to cyclohexanol were 
approximately 100% for all four catalysts, probably due to the further hydrogenation of 
cyclohexanone. The major products from catechol HDO were 1,2-cyclohexane-diol, 
cyclohexanone and cyclohexanol. The possible reaction pathways were shown in Figure 
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4.1. The selectivity of catechol to the hydrogenated products (predominantly 1,2-
cyclohexane-diol) for Pd, Pt, Rh, Ru were 74%, 78%, 52%, and 48%, respectively. The 
selectivity towards the HDO products (cyclohexanol and cyclohexanone) were 24%, 22%, 
34%, and 41%. Phenol was a minor product in all the solution. 
 
Ru was the best catalyst at all ratios. When the weight ratio was 20, the conversion of Ru 
catalyzed guaiacol HDO is almost 100%. Rh was the second best catalyst. When the 
weight ratio of guaiacol to the catalyst was decreased, the difference in the conversion of 
guaiacol with Ru and Rh catalysts also decreased. Pt and Pd catalysts had approximately 
zero guaiacol conversion at weight ratio of 20 and 60. When the weight ratio decreased to 
2, the conversions were over 80%.The majority product was 1,2-cyclohexane-diol and no 
2-methoxy-cyclohexanol was detected for both Pt/C and Pd/C catalysts. 
 
 
Figure 4.2 (a) Conversion of model compounds with different catalysts (top). Reaction 
condition: 50 mg catalyst, 25 mmol model compounds, 523 K, 40 bar H2, 2 hours. (b) 
Conversions with different guaiacol/catalyst ratio (bottom). Reaction condition: 25 mmol 




Figure 4.2 Continued 
 
 4.3.1 Platinum and palladium catalyzed guaiacol HDO  
 
Runnebaum et al. reported that demethylation was a fast reaction step in the HDO of 
guaiacol using Pt catalyst, which yielded catechol [156]. Another paper demonstrated that 
coke was formed with the presence of guaiacol and catechol [80]. Therefore, a possible 
assumption is that catechol is produced from the demethylation of guaiacol first, then the 
produced catechol becomes a potential cause of the deactivation of Pt and Pd catalysts. 
Therefore, the guaiacol can deactivate Pt and Pd catalysts alone. To validate this 
hypothesis, three groups of control experiments were performed and the results are listed 





Table 4.1 Control experiments for guaiacol HDO.  
Group Experiment Condition Result 
1 
Catalyst: Ru/C 
Reactant: GUA + CAT 
Gas Phase: 40 bar H2 
No hydrogenated product obtained. 
2 
Catalyst: Pt/C, Pd/C 
Reactant: GUA + Ph 
Gas Phase: 40 bar H2 
No hydrogenated product obtained. 
3 
Catalyst: Pt/C, Pd/C 
Reactant: Ph 
Gas Phase: 10 bar CO and 30 bar H2 
The yields of hydrogenated products 
with both catalysts are over 55%. 
* Reaction condition: 523 K, 40 bar H2, 2 hours. For group 1 and 2, 12.5 mmol of each 
model compound was added. For group 3, 25.0 mmol phenol was added. Ph, CAT, GUA 
stand for phenol, catechol, guaiacol respectively. 
 
In group 1, Ru catalyst was used in the HDO reaction of both guaiacol and catechol 
because Ru exhibits excellent reactivity individually with guaiacol or catechol. The low 
guaiacol conversion indicates the deactivation of Ru catalyst in the presence of guaiacol 
and catechol. In group 2, Pt and Pd were used to catalyze the HDO reaction of guaiacol 
and phenol aqueous mixture, respectively. Both Pt and Pd catalyzed phenol 
hydrogenation effectively. In the presence of guaiacol, almost no phenol was 
hydrogenated, which meant that both catalysts were deactivated in the presence of 
guaiacol. In the last group, carbon monoxide was added in the gas phase. It was reported 
that CO was produced during the Pt catalyzed guaiacol HDO. [157] CO is known to be a 
 64 
potential cause of Pt catalyst deactivation. The result showed that both Pt and Pd were 
still reactive in the hydrogenation of phenol with the existence of a relatively high 
amount of CO in the gas phase. Therefore, catalyst deactivation is mainly caused by the 




Figure 4.3 Tentative coke formation mechanism with Pt/C and Pd/C catalysts 
 
The tentative coke formation mechanism of Pt and Pd catalyzed guaiacol HDO is shown 
in Figure 4.3. As discussed in section 4.3, when the weight ratio of guaiacol to Pt/C or 
Pd/C catalyst reduced to two, the major product was 1,2-cyclohexane-diol and no 2-
methoxy-cyclohexanol was observed. The reaction energies calculation indicated that the 
demethlyation reaction of guaiacol was more facile compared with the demethoxylation 
reaction, therefore, the demethylation reaction is typically favored kinetically. [158] 
Prasomsri et al. [159] also did a hemolytic bond-dissociation energy analysis that the 
bond strengths follow an order of Ph–OH > Ph–OMe > Ph–O–Ph > PhO–Me. Therefore, 
catalyst preferentially cleaves PhO-Me bond. The hydrogenolysis of the O–CH3 bond 
(step 1 in Figure 4.3) generated CH3 radical and phenoxy radical (structure (a) in Figure 
4.3). The two radicals further recombined and rearranged to produce o-hydroxy-
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Quinonemethide (step 2 in Figure 4.3) and the CH3 radical could also react with guaiacol 
to produce o-methoxy-Quinonemethide (step 3 in Figure 4.3). [160] Both o-
Quinonemethide compounds are key intermediates for coke formation. [161] The 
unreacted phenoxy radical (structure (a) in Figure 4.3) produced catechol, followed by 
the hydrogenation reaction, which generated 1,2-cyclohexane-diol. In a summary, during 
the catalytic HDO of guaiacol, both Pd and Pt catalysts produced catechol as the 
intermediate product and the presence of catechol might lead to the coking problem. 
 
4.3.2 Rhodium catalyzed guaiacol HDO 
 
The products distribution of Rh catalyzed guaiacol HDO is given in Figure 4.4 (a). The 
overall conversion is low since only 12% guaiacol was converted after four hours. Phenol, 
cyclohexanone, cyclohexanol and 1,2-cyclohexane-diol were the main products. The 
distribution of products did not show remarkable changes after 1 hour, indicating the 
deactivation of Rh catalyst. 
 
Experimental results demonstrate that Rh was able to catalyze the demethoxylation of 
guaiacol, which produces phenol at high selectivity. No 2-methoxy-cyclohexanol was 
detected in the solution, which means no direct hydrogenation reaction occurred in the 
reaction. 2-methoxy-cyclohexanol was also used as the model compound, and the HDO 
experiment was carried out under the same condition. The conversion was less than 30% 
after 2 hours, which confirmed that no direct hydrogenation reaction occurred during the 
Rh catalyzed guaiacol HDO. The existence of 1,2-cyclohexane-diol, with selectivity 
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around 15%, showed that catechol was the intermediate product from the guaiacol HDO. 
The reaction mechanism of Rh catalyzed guaiacol HDO was deduced from the results 
concluded above. Rh was also deactivated by the coke from guaiacol and catechol. While 
Pt and Pd both catalyzed demethylation reaction efficiently and deactivated rapidly, Rh 
catalyzed demethylation reaction, comparatively, was a relatively slow step. The 
reactivity decayed slowly and it was completely deactivated after two hours. The 
tentative reaction pathway is shown in Figure 4.4 (b). 
 
 
Figure 4.4 (a) Product distribution after rhodium catalyzed guaiacol HDO (top) and (b) 
tentative reaction mechanism of Rh catalyzed guaiacol HDO (bottom). 
Reaction condition: 50 mg Rh/C, 25 mmol model compounds, 523 K, 40 bar H2, 2 hours. 
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4.3.3 Ruthenium catalyzed guaiacol HDO 
 
The products distribution in the HDO of guaiacol by Ru catalyst is shown in Figure 4.5 
(a). Ruthenium reached the highest conversion among all four catalysts. Cyclohexanol 
and 2-methoxy-cyclohexanol were the main products, and phenol was the key 
intermediate product in the beginning of the reaction. The yield of phenol was around 
20% after 15 minutes and gradually converted to cyclohexanol after four hours. 1,2-
cyclohexanediol was a minor intermediate product. Compared to the Rh catalyst in the 
same reaction, which produced 1,2-cyclohexanediol at the beginning of the reaction, the 
ruthenium catalyst did not produce 1,2-cyclohexanediol in the first 60 minutes. After 90 
minutes, only 2% of 1,2-cyclohexanediol was detected, indicating that it was not likely to 
be produced directly from guaiacol. One possible reaction for the generation of 1,2-
cyclohexanediol is the hydrolysis of 2-methoxy cyclohexanol. The proposed reaction 
mechanism of the HDO of guaiacol by Ru is shown in Figure 4.5 (b). No catechol was 
detected throughout the reaction, which prevented the formation of coke. 
  
Figure 4.5 (a) Product distribution after ruthenium catalyzed guaiacol HDO (top) and (b) 
tentative reaction mechanism of Ru catalyzed guaiacol HDO (bottom). 
Reaction condition: 50 mg Ru/C, 25 mmol model compounds, 523 K, 40 bar H2, 2 hours. 
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Figure 4.5 Continued. 
 
 
4.4 Characterization of catalysts  
The physisorption and chemisorption results of all four catalysts were characterized 
before reaction without any pretreatment. The results are summarized in Table 4.2. The 
dispersions of active metals indicates the percentage of the metallic atoms contribution 
for the reactant adsorption. Rh/C had the highest dispersion, followed by Ru/C, Pt/C and 
Pd/C. All catalysts had similar surface area and pore radius before the reaction as the 
support was activated carbon obtained from the same source. 
 
Table 4.2. Physical and chemical property of all four catalysts 
 
 Pd/C Pt/C Rh/C Ru/C 
Metal Loading 5% 5% 5% 5% 
Dispersion (%) 41.1 30.7 46.8 23.7 
Surface Area (m2/g) 1000 990 928 815 
Pore size (nm) 1.91 1.54 1.71 1.53 
Pore Volume (cm3/g) 0.732 0.484 0.745 0.557 
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BET results of the spent catalysts are shown in Figure 4.6. The experimental results from 
the studies of model compounds align well with the BET data in Figure 4.6 very well. 
The surface area of Pd and Pt catalysts decreased by 37% and 49%, respectively. The 
significant reductions in surface area indicate the existence of severe coke formation. For 
Rh, the surface area reduced by 28%, which was less than the values of Pt and Pd. There 
was only a 12% decrease in surface area for Ru. The pore sizes of all the catalysts were 
also calculated. No significant decrease in the pore size was observed due to the neutral 
surface area of carbon, which possessed a small number of Lewis acid sites [140]. 
 




In summary, four commonly used noble metal catalysts were evaluated with three lignin 
model compounds under aqueous phase reaction. The major conclusions from this study 
include the follwing: (1) Pd, Pt and Rh were all deactivated during the HDO of guaiacol 
due to the formation of catechol through the demethylation reaction. The rearrangement 
of the radicals from the hydrogenolysis of O-CH3 bond produced two types of o-
methoxy-Quinonemethide, which were reported as key intermediates for coke formation. 
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The difference was that Pd and Pt lost reactivity right after the reaction started and Rh 
was slowly deactivated in two hours. (2) Ru was the only catalyst that was able to fully 
convert guaiacol into hydrogenated compounds because of its unique reaction pathway. 
Although Ru had the lowest metal dispersion among all the catalysts, it possessed the 
highest reactivity in this reaction. No demethylation but mainly demethoxylation and 
hydrogenation reactions were observed in the Ru catalyzed guaiacol HDO. (3) The 
decrease in BET surface area indicated coke formation within Pt, Pd and Rh catalysts. Ru 
had the lowest reduction in surface area, which showed that its morphology had not 
changed much after the reaction. 
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CHAPTER 5: NOBLE METAL CATALYZED AQUEOUS PHASE 




Catalytic hydrodeoxygenation is a promising approach for pyrolysis oils upgrading. [162] 
The hydrogenation of biomass components and pyrolysis oils has been intensively 
studied. Recently, several publications studied the hydrogenation of phenolic pyrolysis 
oil model compounds. [163, 164] In these studies, noble metals, such as Ru, Rh, Pd and 
Pt, were used as the catalysts for HDO reaction. Several model compounds, such as 
anisole, 4-ethylphenol, 2-methoxy-4-n-propylphenol and 4-hydroxy-3-methoxyphenyl-
acetone, were upgraded to the aliphatic compounds. The yields of the hydrogenated 
products were approximately 100%. Huber et al. reported a two-step hydrogenation 
process for pyrolysis bio-oil upgrading. [165] In the first step, Ru/C catalyst was used, 
and the reaction was carried out at 398 K with a 10 MPa H2 gas. In the second step, a 
Pt/C catalyst was used, and the reaction is conducted at 523 K with a 10.0 MPa H2 gas. 
The two-step hydrogenation process converted the water-soluble fraction of pinewood 
                                                 
 
 
3 Reproduced from (1) Ben, H., Mu, W., Deng, Y., and Ragauskas, A.J., Production of renewable gasoline 
from aqueous phase hydrogenation of lignin pyrolysis oil. Fuel, 2013. 103(0): p. 1148-1153,and (2) Ben, 
H., Ferguson, G.A., Mu, W., Pu, Y., Huang, F., Jarvis, M., Biddy, M., Deng, Y., and Ragauskas, A.J., 
Hydrodeoxygenation by deuterium gas - a powerful way to provide insight into the reaction mechanisms. 
Physical Chemistry Chemical Physics, 2013. 15(44): p. 19138-19142. with permission from Elsevier and 
PCCP Owner Societies, respectively. 
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pyrolysis oil to the gasoline like compounds. The upgraded products had a boiling range 
of 338 -448 K, and the overall carbon yields for the gas, liquid and coke products were 
26%, 17% and 34% respectively [165]. In another study, Ru/C was used as the catalyst of 
hydrogenation of whole fast pyrolysis oils produced from beech wood [166]. The 
operation temperature was 623 K, and hydrogen pressure was 20.0 MPa. The 1H-NMR 
results indicated that the aliphatic/aromatic proton ratio increased from 6.4:1 to 11.2-
16.4:1 after the reaction, which suggests that aromatic ring was hydrogenated during the 
process but the reaction is not complete. The hydrogenation process is catalyzed by Pt, Pd 
or Ru at 393 - 538 K with a 5.2 - 6.2 MPa H2 gas. The carbon yield of the hydrogenation 
of aqueous carbohydrates derived from maple wood was around 57%. 
 
The pyrolysis of lignin yields a large amount of water-insoluble heavy oil. The weight 
percentage is between 65 - 85 wt.% [167, 168]. The pyrolysis of the carbohydrates 
produces mostly a water-soluble light oil. The major products in light oil are methanol, 
levoglucosan and catechol with a high content of water (> 60 wt.%). When tannin and 
cellulose is used as feedstock, the pyrolysis light oil yields are 77 - 80 wt.% and 85 wt.%, 
respectively. [169, 170] Hence, the biomass pyrolysis heavy oil is mainly produced from 
the lignin. However, it does not mean the heavy oil is only produced from lignin. The 
carbonhydrates can also convert to aromatic structure through acid catalyzed dehydration 
and reforming reactions. [171, 172] The heavy oil yields from the bark and residue 
pyrolysis are 60 - 68 wt.% and 55 - 57 wt.%, respectively. [170] However, such a major 
portion has only received little attention. The major problem is that the complex aromatic 
structures of the heavy oil make it difficult to upgrade via the hydrogenation process. 
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Several studies have been conducted and the whole biomass pyrolysis oil can only be 
partially hydrogenated. [165, 166] In my thesis work, two-step hydrogenation of lignin 
pyrolysis heavy oil was carried out due to the tar formation (refer to section 5.3.5). Based 
on the results presented in Chapter 4, ruthenium was used as the catalyst for this reaction.  
 
Besides directly applying the catalyst to the pyrolysis heavy oil upgrading, the 
fundamental reaction mechanism has also been studied in detail. As shown in Chapter 2, 
the reaction networks of model compounds are already very complex, not to mention the 
pyrolysis oil that contains hundreds to thousands of compounds. One feasible approach is 
to trace the hydrogen during the HDO reaction. The isotope of hydrogen, deuterium, can 
be used to label the hydrogenated site, and this would be a great help to provide insights 
to the HDO reaction mechanism. The deuterium atom is invisible in traditional 1H-13C 
Heteronuclear Single Quantum Coherence (HSQC) NMR. Therefore, a direct comparison 
of the NMR spectra between proton and deuteron hydrogenated products will provide 
intuitive and detailed information about the added hydrogen atom. The results would be 
direct evidence to validate the mechanism of both hydrogenation and HDO reaction, 
which are valuable in developing the processing for whole biomass pyrolysis oil 
hydrogenation. 
 
5.2 Materials and experimental procedures 
 
All reagents used in this study were purchased from VWR International or Sigma-Aldrich 
(St. Louis, MO) and used as received. Wood chips used in this study were acquired from 
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a 15-year old Loblolly pine trees from the southeastern U.S.A. The wood chips were 
refined with a Wiley mill through a 0.13 cm screen and dried under high vacuum at 323 
K for 48 h. Pine wood samples were stored at ~ 273 K prior to use. 
 
5.2.1 Lignin separation and purification  
 
The milled pine wood was ethanol-organosolv-pretreated as previously described in the 
literatures. [150-152, 173] Briefly, a 100.0 g (dry weight) sample of the milled pine wood 
was treated with 65% ethanol/water solution with 1.2 w/w% sulfuric acid as a catalyst at 
443 K for 60 min. The solid to liquid ratio used was 1:8. The pre-treatments were carried 
out in a Parr reactor equipped with a temperature controller (Parr Instrument Company, 
Moline, IL). The pre-treated pine wood was washed with warm (333 K) ethanol/water 
(8:1, 3×50.0 mL). The washes were combined and 3 volumes of water were added to 
precipitate the Ethanol Organosolv Lignin (EOL), which was collected by centrifugation 
and air dried. The EOL was purified by Soxhlet extraction with pentane and stored at ~ 
273 K prior to use. 
 
5.2.2 Equipment and process of pyrolysis [67, 69] 
 
Pyrolysis experiments were conducted in a quartz pyrolysis tube heated with a split-tube 
furnace. Typically, a sample of lignin powder (3.00 g) was placed in a quartz sample boat 
that was then positioned in the center of a pyrolysis tube. A K-type thermal couple was 
immersed in the sample powder during the pyrolysis to measure the heating rate. The 
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pyrolysis tube was flushed with nitrogen gas and the flow rate was adjusted to a value of 
500 mL/min and then inserted in the pre-heated furnace. The outflow from pyrolysis was 
passed through two condensers, which were immersed in liquid N2. Upon completion of 
pyrolysis the reaction tube was removed from the furnace and allowed to cool to room 
temperature under constant N2 flow. The condensers were then removed from liquid 
nitrogen. The pyrolysis char and pyrolysis oil were collected for subsequent chemical 
analysis. In general, the liquid products contained two immiscible phases referred to as a 
heavy oil (contains water insoluble components) and a light oil (contains water soluble 
components and ~80 wt.% of water). The light oil was acquired by decantation and the 
heavy oil was recovered by washing the reactor with acetone followed by evaporation 
under reduced pressure. Char yields were determined gravimetrically and gas formation 
was calculated by mass difference. 
 
5.2.3 Hydrogenation process 
 
Hydrogenation of EOL heavy oil was examined in two steps. Both experiments were 
carried out in a 75mL Parr 4590 Micro Stirred Reactor. In the first step, 150 mg heavy oil 
and 20 mL DI water were loaded in a glass liner with 15 mg 5 wt.% Ru/activated carbon 
catalyst (Alfa Aesar, Product No. 7440-18-8). The reactor was then purged 5 times with 
nitrogen gas to remove the air present in the reaction vessel. Then the reactor was purged 
5 times with hydrogen to replace nitrogen. The initial hydrogen pressure was 10 MPa and 
the stirring rate was 200 rpm. The reactor temperature was held at 573 K for 4 hours and 
the reactor pressure was ~14 MPa. After the first-step hydrogenation, the EOL heavy oil 
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has been upgraded to water soluble components and the water solution of the products 
was filtered through a 0.45 µm syringe filter. The filtrate was further upgraded by the 
second-step HDO, which was conducted at 523 K for 2 hours with the initial hydrogen 
pressure of 10 MPa and 10.0 mg fresh 5 wt.% Ru/activated carbon as the catalyst.  
 
5.2.4 Characterization of heavy oil by GPC 
 
The weight average molecular weight (Mw) was determined by GPC analysis following 
literature methods. [67, 69] Prior to GPC analysis, the heavy oil and tar were dissolved in 
THF (1 mg/mL) and filtered through a 0.45 µm syringe filter. The samples were injected 
into a Polymer Standards Service (PSS) Security 1200 system featuring Agilent HPLC 
vacuum degasser, isocratic pump, refractive index (RI) detector and UV detector (270 
nm).  Separation was achieved with four Waters Styragel columns (HR0.5, HR2, HR4, 
HR6) using THF as the mobile phase (1.0 mL/min) with injection volumes of 30 µL. 
Data collection and processing were performed using PSS WinGPC Unity software.  
Molecular weights (Mn and Mw) were calibrated against a polystyrene calibration curve.  
The calibration curve was created by fitting a third order polynomial equation to the 
retention volumes obtained from a series of narrow molecular weight distribution 
polystyrene standards (i.e., 3.90 x 106, 3.64 x 106, 2.22 x 106, 1.36 x 106, 9.96 x 105, 6.68 
x 105, 5.38 x 105, 1.97 x 105, 5.51 x 104, 3.14 x 104, 1.39 x 104, 7.21 x 103, 4.43 x 103, 
1.39 x 103, 5.80 x 102 Da), phenol and acetone.  The curve fit had an R2 value of 0.9984. 
 
5.2.5 Preparation of NMR samples 
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(1) EOL heavy oil (70.0 mg) dissolved in 450 µL DMSO-d6. 
(2) Hydrogenation products 
The water solution of first or second-step hydrogenation products (20 mL) was extracted 
by 1.00 mL CDCl3. The CDCl3 phase was dried by MgSO4 and filtered through a 0.45 µm 
syringe filter. The relaxation reagent Chromium (III) acetylacetonate (0.01 M) [174] was 
added to the CDCl3 filtrate to provide complete relaxation of all nuclei and the CDCl3 
solution was used as the NMR sample for the first or second step HDO product. 
 
(3) Tar from the catalyst of 1st step hydrogenation process 
The catalyst was separated from water solution by filtration. Acetone was used to wash 
the catalyst and the tar was recovered by the evaporation of acetone under reduced 
pressure. The recovered tar (70 mg) was dissolved in 450 µL DMSO-d6. 
 
5.2.6 Characterization of heavy oil, hydrogenation products and tar by NMR 
 
(1) Quantitative 13C NMR 
All NMR spectral data reported in this study were recorded with a Bruker 
Avance/DMX 400 MHz NMR spectrometer. Quantitative 13C NMR employing an 
inverse gated decoupling pulse sequence, 90° pulse angle, a pulse delay of 5 s for heavy 
oils and tar and 10 s for hydrogenation products (Note: the longest T1 for pyrolysis oil 
was determined to be 0.8 s, and for the hydrogenation products after adding the relaxation 
reagent the T1 reduced from 6 s to 2 s. The T1 was measured using the Inversion-
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Recovery method and calculated with Bruker’s TopSpin software 2.1 and the scan 
number is 6000. [67, 69] 
(2) 1H-13C HSQC-NMR  
The 1H-13C HSQC-NMR employed a standard Bruker pulse sequence “hsqcetgpsi.2” 
with a 90° pulse, 0.11 s acquisition time, a 1.5 s pulse delay, a 1JC–H of 145 Hz, 48 scans 
and acquisition of 1024 data points (for 1H) and 256 increments (for 13C). The 1H and 13C 
pulse widths are p1=11.30 µs and p3=10.00 µs, respectively. The 1H and 13C spectral 
widths are 13.02 ppm and 220.00 ppm, respectively. HSQC data processing and plots 
were carried out using MestReNova v7.1.0 software’s default processing template and 
automatic phase and baseline correction. [175, 176] 
 
(3) DEPT-135 13C-NMR 
DEPT-135 13C-NMR was employing a standard Bruker pulse sequence “dept135” with 
a 135° pulse angle, 2 s pulse delay, and 5000 scans. 
 
(4) Quantitative 1H-NMR 
Quantitative 1H-NMR was acquired with 16 transients and 1 s pulse delay. (Note: the 
longest T1 was determined to be 0.16 s) 
 
(5) 2D-NMR 
Deuterium NMR was carried out with Bruker’s pulse program “zg2h” by using the lock 
channel in a Bruker’s BBO probe. A 90° C pulse, 4.5 s acquisition time and 800 scans 
were employed for acquiring the 2D-NMR spectra.  
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5.2.7 Elemental analysis of EOL and EOL heavy oil and carbon content of hydrogenation 
products 
 
Elemental analysis data of EOL and EOL heavy oil was obtained by Atlantic Microlab. 
Inc. (Norcross, GA) utilizing combustion to determine carbon, hydrogen and sulfur 
contents. The oxygen content was calculated by mass difference. The error is 0.3%. 
The carbon contents of the first- and second-step hydrogenation products were 
determined by Total Organic Carbon (TOC) analyzer. (Ionics Inc 1555B) 
 
5.2.8 SEM characterization of catalyst 
 
The catalyst samples were imaged with a scanning electron microscope (Hitachi S-800) 
with 12 kV acceleration voltages. 
 
5.2.9 GC-MS analysis of hydrogenation products 
 
The GC-MS analysis of hydrogenation products was conducted by Agilent 5975C MSD 
and 7890A GC with a 7693 auto sampler. The Agilent HP-5MS, 19091S-433 column was 
used. The GC oven was programmed with the following temperature regime: hold at 323 




5.3 Results and Discussion 
 
5.3.1 Platinum and ruthenium catalyzed lignin heavy oil HDO 
 
To examine whether the reaction mechanisms deduced in Chapter 4 are applicable to the 
catalytic HDO of EOL heavy oil, one inactive catalyst (Pt) and the most reactive catalyst 
(Ru) were chosen to catalyze the EOL heavy oil upgrading. A two-step HDO reaction 
was used because of the tar formation in the first HDO reaction. In the first step, the 
reaction was operated under a relatively high temperature (573 K) to stabilize the 
compounds. The spent catalyst was removed, and the fresh catalyst was replenished for 
the second-step HDO, which was operated under the same condition as that in the model 
compound study. The chemical structure and mechanism of the tar products are discussed 
in section 4.3.4. 
 
The carbon yields of Ru and Pt are summarized in Table 5.1. The carbon yields in the 
first-step HDO were around 30% for both catalysts. There were three significant changes 
after the first HDO reaction. First, compounds that tended to condense were removed. 
Second, the molecules in the heavy oil (Mw=265 g/mol) were degraded from dimers and 
trimers to monomers. Third, the water-soluble compounds were obtained from the water-




Figure 5.1 1H-NMR spectra for the Ru and Pt catalyzed EOL heavy oil, first- and 
second-step HDO products. (from top to bottom) 
Reaction condition: First-step HDO: 15.0 mg 5 wt.% Ru/C, 150 mg heavy oil in 20 mL 
DI H2O, 573 K, 10 MPa H2, 4 hours. 
Second-step HDO: 10.0 mg 5 wt.% fresh Ru/C, 523 K, 10 MPa H2, 2 hours. 
 
Proton NMR was used to quantify the degree of hydrogenation. The 1H-NMR spectra for 
the EOL heavy oil and the products after the first and second-step upgrading reaction are 
listed in the Figure 5.1. The integration results are presented in Table 5.1. The aromatic 
proton peaks almost disappeared in the second HDO reaction catalyzed by Ru and 85% 
of the protons belonged to aliphatic protons with no oxygen atoms bonded to the α-
carbon. This indicates that the second HDO reaction products contained only aliphatic 
carbons, and the products had relatively low oxygen content, which represents a potential 
resource for bio-gasoline. The major reaction mechanism of second-step upgrading are 
 82 
discussed in Chapter 6. Compared to the EOL heavy oil, the first-step HDO products 
contained fewer aromatic protons (see Table 1) and more aliphatic protons, which meant 
that the hydrogenation of benzene ring also occurred during the first HDO process. On 
the other hand, the products from the second HDO reaction catalyzed by Pt still had 
15.73% protons in the aromatic region, which was likely due to the low reactivity of the 
guaiacol-based compounds. Each carbon owned roughly one hydrogen atom in an 
aromatic ring and two hydrogen atoms in an aliphatic ring. This meant that around 30% 
of the carbon rings remained in the aromatic structure. Pt could not catalyze the HDO 
reaction of guaiacol-based compound. Compared with the NMR spectrum of the first 
HDO reaction products, no significant change was observed after second HDO reaction. 
 
Table 5.1 1H-NMR and Total organic carbon (TOC) yield of EOL heavy oil and products 
from first and second-step upgrading catalyzed by Pt or Ru. 




First-step Second-step First-step Second-step 
-CHO, -COOH 0# 0 0 0 0 
ArH, HC=C- 31 21 0 24 14 
-CHn-O- , CHn-O- 27 18 15 32 24 
-CH3, -CHn- 42 61 85 44 62 
TOC yield to the 
feedstock 
 36% 34% 28% 26% 
# The results are shown as percentage of hydrogen. 
* The assignment ranges are on the basis of literature reports.[168, 177] 
Reaction condition: First-step HDO: 15.0 mg 5 wt.% Ru/C, 150 mg heavy oil in 20 mL 
DI H2O, 573 K, 10 MPa H2, 4 hours. 
Second-step HDO: 10.0 mg 5 wt.% fresh Ru/C, 523 K, 10 MPa H2, 2 hours. 
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5.3.2 Further study of ruthenium catalyzed lignin heavy oil upgrading 
 
Figure 5.2 is the quantitative 13C-NMR of the EOL heavy oil and first-step hydrogenation 
product. Table 5.2 summarizes the integration of the 13C-NMR spectra on the basis of the 
chemical shift of the corresponding functional groups in the EOL heavy oil and first-step 
HDO products. Relatively lower amounts of the carbonyl C=O bonds, aromatic C-C 
bonds and C-H bonds existed after the first-step HDO. The percentage of the aliphatic C-
C bonds increased after HDO reaction, which was also in accordance with the 1H-NMR 
result. This change indicates that there were hydrogenation reactions during the first-step 
HDO process, and a portion of the carbonyl C=O bonds and benzene rings were 
hydrogenated. 
 
Figure 5.2 Quantitative 13C-NMR for the EOL heavy oil (Top) and first-step 
hydrogenation product (Bottom).  
Reaction condition: 15.0 mg 5 wt.% Ru/C, 150 mg heavy oil in 20 mL DI H2O, 573 K, 10 
MPa H2, 4 hours. 
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Table 5.2. 13C-NMR chemical shift assignment ranges and functional group contributions 
for the EOL heavy oil and first-step hydrogenation products.  
 
Functionality Range* (ppm) EOL heavy oil First-step HDO 
Carbonyl C=O 215.0-166.5 1# 0 
Aromatic C-O 166.5-142.0 20 20 
Aromatic C-C 142.0-125.0 17 13 
Aromatic C-H 125.0-95.8 40 36 
Aliphatic C-O 95.8-60.8 1 1 
Methoxyl 60.8-55.2 10 10 
Aliphatic C-C 55.2-0.0 11 20 
* The assignment ranges are on the basis of literature reports.[167, 178] 
#   The results are shown as percentage of carbon. 
Reaction condition: 15.0 mg 5 wt.% Ru/C, 150 mg heavy oil in 20 mL DI H2O, 573 K, 10 
MPa H2, 4 hours. 
 
In order to characterize the first-step HDO products in detail, besides 1H- and 13C-NMR, 
other NMR techniques, such as DEPT-135 and 1H-13C HSQC-NMR, were used, and the 
spectra are shown in Figs. 5.3 and 5.4. 1H-13C HSQC-NMR spectrum of the first-step 
HDO products indicates that the major compounds were guaiacol, 4-methylguaiacol and 
catechol because the chemical shift of the signals in the HSQC spectrum was the same as 
the fingerprints of the two compounds. This result supports that the EOL heavy oil 
(Mw=265 g/mol) was decomposed to the mono-aromatic molecule after the first-step 
HDO reaction. The DEPT-135 NMR spectrum showed that the carbonyl C=O bonds in 
the EOL heavy oil were reduced after the first-step HDO reaction, which was consistent 
with the 1H- and 13C-NMR study. It was reported that Ru catalyst was capable of 
 85 
converting carboxylic acid to alcohols and alkanes through the HDO reaction and 
cleavage of C-C bonds of carboxylic acid [179]. The experiment was also performed in 
aqueous phase at an elevated temperature, which supported our results. In the DEPT 135 
NMR spectrum, several aliphatic CH2 peaks (the negative peaks) showed up after the 
first-step HDO because of the hydrogenation of the aromatic rings. The product after 
first-step HDO was also characterized by GC-MS, and the major compounds are listed in 
Figure 5.5. The structures match well with the conclusions drawn from the NMR study. 
No carbonyl group was observed in the GC-MS result, and cyclohexanol was the major 
hydrogenated product. Over half of the predominant compounds showed a guaiacol-
based structure.  
 
 
Figure 5.3 DEPT-135 NMR for the EOL heavy oil (top) and the first-step hydrogenation 
product. (bottom) Reaction condition: 15.0 mg 5 wt.% Ru/C, 150 mg heavy oil in 20 mL 






Figure 5.4 1H-13C HSQC-NMR spectra for the EOL heavy oil (left) and Ru catalyzed 
first-step HDO product (right). Reaction condition: 15.0 mg 5 wt.% Ru/C, 150 mg heavy 
oil in 20 mL DI H2O, 573 K, 10 MPa H2, 4 hours. 
 
 
Figure 5.5 Compounds detected in GC-MS after first-step Ru catalyzed HDO. Reaction 








5.3.3 Reaction mechanism of ruthenium catalyzed lignin heavy oil upgrading 
 
Possible pathways of the first-step Ru catalyzed heavy oil upgrading are shown in Figure 
5.6. Condensation was the predominant pathway. This led to the formation of tar and 
coke that rapidly deactivated the catalyst. The GPC analysis showed that the EOL 
pyrolysis oil was degraded from dimers and trimers to monomers in the first-step HDO. 
This was mainly achieved by the cleavage of ether bonds and methoxyl groups in the 
heavy oils. The GC-MS and 1H-13C HSQC-NMR indicated that guaiacol and 4-methyl-
guaiacol were the predominant products in the first-step HDO products. The reaction 




Figure 5.6 Major reaction pathway of HYD and HDO process of EOL heavy oil during 




5.3.4 Ruthenium catalyzed first-step deuterium HDO EOL pyrolysis heavy oil 
 
The hydrogenation experiments using proton and deuteron were performed under the 
exact same process parameters. The 1H-13C HSQC-NMR is a two-dimensional NMR, and 
it can provide the distribution of C-H bonds under different chemical environments. The 
C-D bonds are invisible in 1H-13C HSQC-NMR. Therefore, the HSQC NMR peak density 
of the bonds in hydrogen hydrogenated products will decrease or even disappear in the 
spectrum. The 1H-13C HSQC spectra of hydrogen hydrogenated oil and deuterium 
hydrogenated oil are shown in Figure 5.7. There were two obvious missing peaks in the 
deuterium hydrogenated oil in the aromatic area. The two peaks corresponded to the 
ortho and para positions in a phenol/guaiacol structure, which means hydrogen atoms 
were mainly added in the two positions. The illustration is given in Figure 5.8.  
 
Figure 5.7 1H-13C HSQC NMR for HDO products produced from H and D systems. (left 
to right). Reaction condition: 15.0 mg 5 wt.% Ru/C, 150 mg heavy oil in 20 mL DI H2O 
(for deuterium system used D2O), 1.2 MPa H2 (for deuterium system used D2), 573 K, 4 h. 
 
In order to deduce the EOL heavy oil degradation in the HDO mechanism, the 
representative linkage within the heavy oil was desired. On the basis of quantitative 13C 
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NMR, 31P NMR, molecular weight and elemental analysis, the detailed chemical 
structure can be obtained [167, 169, 178, 180-184]. Table 5.3 shows the mol number of a 
variety of functional groups in one mol EOL pyrolysis oil.  
 
 
Figure 5.8 Possible decomposition position in the EOL pyrolysis oil composite structure 
based on 1H-13C HSQC-NMR results during the 1st step HDO process. 
Reaction condition: 15.0 mg 5 wt.% Ru/C, 150 mg heavy oil in 20 mL DI H2O (for 
deuterium system used D2O), 1.2 MPa H2 (for deuterium system used D2), 573 K, 4 hours. 
 
Table 5.3 contains a lot of information related to the chemical structure of the EOL oil. 
The quantitative 13C NMR provided the percentage of carbon in different chemical 
environments. With the average molecular weight obtained from the GPC, it was 
calculated that the average number of the aromatic carbons in one molecule was 11.7, 
suggesting that the majority of the compounds has a dimer structure with two aromatic 
rings. The low value of the aliphatic carbon meant that the aliphatic linkage between the 
two aromatic monomers only contained one or two carbons. Oxygen is another possible 
linkage between the two aromatic monomers. Several possible molecular structures in the 
EOL pyrolysis oil were proposed, and these are listed in Figure 5.9. These tentative 
structures can represent the EOL pyrolysis oils and be used in the mechanism study. The 
comparison between the tentative HDO pathways shown in Figure 5.9 and the real 
upgraded pyrolysis oil indicated that these proposed structures were reliable in 
mechanism deduction. 
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Table 5.3 Lumped chemical structure information of whole portion EOL pyrolysis oil 




mol of Cs per mol 




mol of OHs per mol 
pyrolysis oil based on 
31P NMR 
Carbonyl or Carboxyl 
bond 
0.2 Aliphatic OH  0.1 
Aromatic C-O bond  3.1 
C5 substituted 
Condensed 
phenolic  OH  
0.1 
 




Aromatic C-H bond 6 Catechol type OH  0.2 (for two OHs) 




Methoxyl-Aromatic bond  1.5 Acid-OH  0.1 
Aliphatic C-C bond  1.7     
Methyl – Aromatic  1     
[a] Average molecular weight and elemental analysis results for EOL pyrolysis oil have been reported in 
our previous work[180] and presented in supporting material.  
[b] Calculated by carbon% (detected by 13C NMR) * 15.3 (number of carbon based on molecular formula).  
[c] For exhibition convenience all units are mol which are calculated based on weight average molecular 
weight.  
[d] Calculated by mmol/g OH (detected by 31P NMR) * 265 g/mol (average molecular weight) /1000 
Reaction condition: 15.0 mg 5 wt.% Ru/C, 150 mg heavy oil in 20 mL DI H2O (for 




Figure 5.9 Tentative HDO pathways of major linkage of composite structures. (Used 
guaiacol, blue color and D atom for illumination convenience) 
Reaction condition: 15.0 mg 5 wt.% Ru/C, 150 mg heavy oil in 20 mL DI H2O (for 
deuterium system used D2O), 1.2 MPa H2 (for deuterium system used D2), 573 K, 4 hours. 
 
 
The proposed reaction pathways in Figure 5.9 were supported by the 1H-13C HSQC NMR 
spectrum that many compounds showed a guaiacol-based structure. The predominant 
compounds were in guaiacol-based structures, which had no functional group on the 
ortho-position of the phenolic-OH. The hydrogenolysis of C-O bond has been reported in 
previous studies [185, 186]. During the Ni catalyszed HDO of diphenyl ether, phenol and 
benzene are two major final products, indicating the occurrence of hydrogenolysis 
reaction. In another experiment, phenol was produced after the HDO of diphenyl ether, 
which also meant the hydrogenolysis of C-O is the major pathway. The results supported 
the proposed cleavage of the linkages in structure 3 and 4 in Figure 5.9.  
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Besides the hydrogenolysis of C-O bond, the hydrogenolysis of C-C bond was also 
reported during the liquefaction of lignin model compounds [187], coal [188], and HDO 
of model compounds [189]. During the liquefaction of lignin, the o,o’-biphenol was 
converted to single ring structure via C-C hydrogenolysis. In the study by Aubert et al., 
NiO-MoO3/γ-Al2O3 was used to catalyze the cleavage of the aromatic dimer and the 
inter-linkage was methylene. The hydrogenolysis of C-C bond was observed in the 
reaction. The reported reaction mechanism supported the proposed cleavage of the 
methylene bridge in structure 1 and 2 in Figure 5.9.  
 
The 5-5 linkage is the second most abundant inter-linkage in the lignin pyrolysis oil. The 
decomposition of such linkage is proposed in structure 5 in Figure 5.9. However, such 
kind of structure also tends to condense and form tar product. The composition of the tar 
product will be introduced in the next section (section 5.3.5), but there is a significant 
amount of aromatic structures in the tar product. Therefore, structure 5 could be a 
potential precursor of tar product during the first-step HDO. If some of the structures 
were degraded to monomers, it would be very likely to follow the reaction path 5 in Fig 
5.9. The hydrogen was added to the ortho position of the guaiacyl hydroxyl group and the 
result was consistent with the 1H-13C HSQC NMR results. 
 
The analysis above summarized the bond cleavage between aromatic monomers during 
the first-step HDO. The hydrogen atoms are most likely to be added into the ortho- and 
para-position of the guaiacolic hydroxyl group or phenolic hydroxyl group and produce 
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the aromatic C-H or phenolic –OH structure.  
 
5.3.5 Characterization of tar product during the first-step HDO reaction 
 
The formation of tar or coke are often observed in the hydrogenation or HDO of phenolic 
model compounds [190, 191] and water-soluble pyrolysis bio-oils [165, 192]. It also 
happened during the first-step HYD process. The Mw of the tar products was 462 g/mol, 
which was almost as twice much as the Mw of EOL heavy oil (265 g/mol). The 
quantitative 13C-NMR spectrum of the tar is shown in Fig 5.10, and the result shows that 
much more condensed aromatic C-C bonds existed in the tar products compared to it in 
the EOL heavy oil. This indicated the severe condensation reactions occurring during the 
HDO reaction. The fresh catalyst and the spent catalyst were characterized by SEM, and 
the pictures are shown in Figure 5.10. After the first-step HDO, the catalyst surface 
became bulky so that the pores on the surface were reduced. The hydrogen gas could not 
penetrate the tar layer. Therefore, the reaction was stopped. Thus, only a small portion of 
the aromatic compounds was upgraded in the first-step HDO. The surface of catalyst 
looked almost intact after the second-step HDO process, which was in accordance with 
the high carbon yield in the reaction. Similar condensation reactions have been reported 




Figure 5.10 Quantitative 13C-NMR for EOL heavy oil and tar from first-step HDO 
catalyst (from top to bottom), and SEM for the original catalyst, catalyst after first and 
second-step HDO process (from left to right). 
Reaction condition: First-step HDO: 15.0 mg 5 wt.% Ru/C, 150 mg heavy oil in 20 mL 
DI H2O, 573 K, 10 MPa H2, 4 hours. 





In this chapter, the EOL pyrolysis oil was upgraded by using the Ru catalyst screened 
from section 4. The concept established in this work opens up a new opportunity for the 
conversion of lignin pyrolysis oils. The water-insoluble heavy oils were converted to 
water-soluble monomers with 34% carbon yield with Ru catalyst. On the contrary, Pt 
could not fully upgrade the EOL heavy oil.  
 
The Ru catalyzed EOL heavy oil was studied in detail. The products obtained from first-
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step HDO are monomer with aromatic structure. These compounds were produced from 
the cleavage of ether bonds and methoxyl groups in the heavy oils. The water insoluble 
heavy oils (Mw=265 g/mol) were decomposed to monomers and the carbon yield was 33 
mol%. The proposed reaction mechanism agreed well with the conclusion drawn from 
model compound studies. 
 
Furthermore, deuterium gas was used to reveal the insights of reaction mechanism during 
the first-step HDO process of pine wood EOL pyrolysis oil. The comparison between the 
1H-13C HSQC-NMR spectra of H and D hydrogenated EOL showed which C-D bonds 
are formed during the HDO process. Several linkages between aromatic rings and 
molecular structures in the pyrolysis oil structures were proposed first and how these 
linkages were cleaved was deduced. In the HDO process, hydrogen atoms were mostly 
added to the ortho and para positions of a guaiacol or phenol and formed aromatic C-H 
bonds and phenolic –OH bonds.  
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After the first-step HDO, the pyrolysis heavy oil is decomposed to monomers. The 
compounds survived from the first-step HDO (573 K) are relatively thermally stable. 
Although the NMR spectra look similar between the EOL pyrolysis oil and the first-step 
HDO product, according to the 1H-13C HSQC NMR and GC-MS results, the upgraded 
products are mainly in phenolic and guaiacolic structure, which are very close to the 
structure of the model compounds used in Chapter 4. 
 
The main goal for the research was to produce gasoline-compatible fuel. Therefore, the 
products of first-step HDO require further hydrogenation and deoxygenation. Ruthenium 
is a well-known catalyst for both hydrogenation and HDO reaction. It showed excellent 
behavior in the model compound study. Therefore, a second-step HDO with Ru catalyst 
is carried out in section 6.3.1. The spent catalyst in the first-step HDO was removed and 
the fresh catalyst was replenished. 
                                                 
 
 
4 Reproduced from Ben, H., Mu, W., Deng, Y., and Ragauskas, A.J., Production of renewable gasoline 
from aqueous phase hydrogenation of lignin pyrolysis oil. Fuel, 2013. 103(0): p. 1148-1153, with 
permission from Elsevier. 
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Besides the active noble metal, the support material was also a significant component in 
catalyst. The engineering of the supporting material could further improve the product 
quality. The modification of the supporting material was conducted, and the results are 
presented in section 6.3.3. 
 
6.2 Materials and experimental procedure 
 
The raw material used in this section is the same as it is in chapter 5. The pyrolysis 
reaction, first and second upgrading procedure can be found in Section 5.2.2 and 5.2.3 
respectively. The solution was filtered through a 0.45 µm syringe filter. The filtrate was 
further upgraded by the second-step hydrogenation at 523 K for 2 hours with the initial 
hydrogen pressure of 10 MPa and 10.0 mg 5 wt.% Ru/activated carbon as the catalyst. 
 
6.2.1 Characterization of the upgraded oil after second-step HDO  
 
(1) GC-MS 
The GC-MS analysis of hydrogenation products was conducted by Agilent 5975C 
MSD and 7890A GC with a 7693 auto sampler. The Agilent HP-5MS, 19091S-433 
column was used. The GC oven was set to the following temperature regime: hold 
at 323 K for 5 min, ramp to 473 K at 5 K/min and hold at 473 K for 5 min. 
(2) NMR (including 1H, 13C, DEPT and 1H-13C HSQC NMR) 
The NMR sample preparation procedure and parameters used during the NMR 
measurement are listed in Section 5.2.6. 
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6.2.2 Alkali treatment of ZSM-5 
 
The H-ZSM-5 zeolite sample was were purchased from Zeolyst, Inc (Model: CBV 8014. 
The Si/Al ratio is 80). Three samples were prepared for the following test. The first was 
the H-ZSM-5 sample as received. The second was a lightly alkali-treated H-ZSM-5 (5.0 g 
H-ZSM-5 into 40 mL 0.5 M NaOH solution, 343 K for 1 hour). The third was an 
intensively alkali-treated H-ZSM-5 (5.0 g H-ZSM-5 into 40 mL 1.0 M NaOH solution, 
343 K for 1 hour). Once the reaction was finished, the zeolite particles were washed by 
DI water and collected by filtration. After that, the samples were dried under 373 K for 
12 hours, then calcinated in the furnace under 573 K for 4 hours 
 
6.2.3 Proton exchange of the alkali treated ZSM-5 
 
After the treatment, the surface of the modified ZSM-5 was partially covered by the 
sodium ions. Therefore, the surface acidity of selected samples was regenerated via the 
proton exchange with 1.0 M NH4NO3 aqueous solution at 353 K. After the reaction, the 
particles were recovered by filtration, dried under 373 K for 12 hours, and calcinated at 
573 K for 4 hours. 
 
6.2.4 Impregnation of ruthenium 
 
The Ru/modified ZSM-5 were prepared by impregnation. RuCl3 aqueous solution was 
used as the precursor of Ru. Once the impregnation process was finished, the sample was 
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dried under vacuum at 323 K for 12 hours, then calcinated in air at 573 K for 4 hours. 
Before the reaction, the catalyst was reduced at 573 K for 2 h under hydrogen gas flow. 
The Ru metal loading was 5 wt.%. 
 
6.2.5 Catalyst Characterization 
 
The BET surface area test of the catalyst was carried out in the quadrasorb system from 
quantachrome instruments. About 50 mg of the catalyst was placed in a quartz cell, 
degassed for 24 h at 673 K. Nitrogen adsorption isotherms were measured at 77 k. 
Specific surface area and pore size were determined by applying BET model and BJH 
model to these isotherms respectively. For the spent catalyst, the catalyst particles were 
rinsed with 5 mL acetone first, then it was degassed and measured in the same procedure 
as the fresh catalyst. 
 
NH3 temperature programmed desorption (TPD) was measured using Micromeritics 
AutoChem 2920 II. In a typical run, approximately 50 mg of the sample was placed in the 
tube reactor. Both ends of the tube were connected to the instrument. After drying at 473 
K in flowing He for 1 hour, the sample was cooled down to room temperature. The 0.2 
vol % NH3/He was introduced into the tube for 2 hours. After that, Helium gas was 
introduced again for 1 hour to remove the physically adsorbed NH3. The temperature was 
ramped from room temperature to 1073 K at a rate of 10 K min-1. The quantity of NH3 
desorbed was monitored by a thermal conductivity detector (TCD).  
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6.2.6 Catalytic HDO of guaiacol by using 5% Ru/ modified ZSM-5 
 
HDO of both model compounds was carried out in a 75.0 mL Parr 4590 Micro Stirred 
Reactor. One step HDO was used for model compounds study. In a typical run, 200 mg 
guaiacol and 20 mL DI water were loaded in a glass liner with 40 mg 5 wt.% 
Ru/modified ZSM-5. A gas entrainment impeller was used in this experiment to enhance 
the mass transfer. The reactor was then purged 5 times with nitrogen gas to remove the 
air in the reaction vessel followed by another 5 times purge with hydrogen to replace 
nitrogen. The initial hydrogen pressure was one atmosphere. When the temperature 
reached the target, it was pressurized with hydrogen to 4.0 MPa. The reaction was 
conducted under 523 K for 2 hours. 
 
6.3 Results and Discussion 
 
6.3.1 Characterization of the products from second-step HDO 
 
Figure 6.1 is the 1H NMR spectra of the EOL heavy oil, as well as the first- and second-
step HDO products. The numerical integration results are presented in Table 6.1. The 
data indicated no aromatic carbon remained after the second-step HDO, which was 
consistent with the 1H-NMR result in Table 5.1. In the products of the second-step HDO, 
there were fewer methoxyl groups and much more aliphatic C-O bonds compared with 
the products of first-step HDO due to the hydrogenated aromatic ring that transformed 
the original aromatic C-O bond to aliphatic C-O bond. After the two-step reaction, 85% 
of the protons were aliphatic protons with no oxygen atoms bonded to the α-carbon.  
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Figure 6.1 1H-NMR spectra for the Ru catalyzed EOL heavy oil, first and second-step 
HDO products. (from top to bottom) 
Reaction condition: First-step HDO: 15.0 mg 5 wt.% Ru/C, 150 mg heavy oil in 20 mL 
DI H2O, 573 K, 10 MPa H2, 4 hours. Second-step HDO: 10.0 mg 5 wt.% fresh Ru/C, 523 
K, 10 MPa H2, 2 hours. 
 
Table 6.1. 13C-NMR chemical shift assignment ranges and functional group contributions 
for the second-step Ru/C catalyzed hydrogenation products.  
 
Functionality Range* (ppm) EOL heavy oil First-step HDO Second-step HDO 
Carbonyl C=O 215.0-166.5 1# 0 0 
Aromatic C-O 166.5-142.0 20 20 0 
Aromatic C-C 142.0-125.0 17 13 0 
Aromatic C-H 125.0-95.8 40 36 0 
Aliphatic C-O 95.8-60.8 1 1 24 
Methoxyl 60.8-55.2 10 10 7 
Aliphatic C-C 55.2-0.0 11 20 69 
Reaction condition: First-step HDO: 15.0 mg 5 wt.% Ru/C, 150 mg heavy oil in 20 mL 
DI H2O, 573 K, 10 MPa H2, 4 hours. Second-step HDO: 10.0 mg 5 wt.% fresh Ru/C, 523 
K, 10 MPa H2, 2 hours. 
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In Figure 6.2, the two peaks around 10 - 15 ppm were attributed to the terminal carbon of 
aliphatic chains. After the second-step HDO, the aliphatic C-O bonds (from 60.8 - 95.8 
ppm) contained tertiary carbons, which was produced by the hydrogenation of phenols. 
The carbon in the C-O bond was also represented as the α-carbon in the alcohols. The 
chemical shift around 30 – 40 ppm represented the secondary carbons and a significant 
number of peaks appeared after the second-step HDO. The carbon yield of second-step 
HDO was approximately 95 wt.%, which was similar to the HDO of phenolic pyrolysis 
oil model compounds reported in literature. [163, 164]  
 
 
Figure 6.2 DEPT-135 and 1H-13C HSQC-NMR spectra for the second-step Ru/C 
catalyzed hydrogenation products. 
Reaction condition: 10.0 mg 5 wt.% fresh Ru/C, filtrate from the first-step HDO, 523 K, 
10 MPa H2, 2 hours. 
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The chemical structures of the compounds after two-step HDO were identified by GC-
MS. The results are summarized in Figure 6.3, and they further supported the conclusion 
of the NMR study. Most of the peaks in the 1H-13C HSQC-NMR were attributed to 
cyclohexanol and its derivatives. Comparing the compounds listed in Figure 5.5, which 
are the chemical structures after the first-step HDO, the two predominant reactions were 
hydrogenation and demethoxylation. This conclusion supports that the model compounds 
study very well. 
 
 
Figure 6.3. Compounds detected in GC-MS after two-step Ru catalyzed HDO. 
 
6.3.2 Reaction mechanism of second-step HDO 
 
The tentative reaction pathway in the second HDO step is shown in Fig 6.4 and was 
similar to the reaction mechanism for the model compounds. Ru catalyzed either direct 
hydrogenation or demethoxylation reaction, in which both reactions yielded cyclohexanol 
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as the final product. Both GC-MS and NMR indicated that the major compounds in the 
upgraded oil were cyclohexanol and 4-methyl-cyclohexanol. 
 
 
Figure 6.4 Tentative reaction pathways of HDO process of EOL heavy oil in the first-
step HDO [179, 190, 191, 193, 194]. 
 
6.3.3 Alkali treatment of the ZSM-5 zeolite 
 
After the two-step HDO, there were still hydroxyl groups remaining in the molecules, 
mainly in cyclohexanol molecule. Removal of the hydroxyl group could improve the 




Acid catalyzed dehydration reaction is a common method for hydroxyl group removal. It 
is mainly catalyzed by the Brønsted acid site [195]. Mineral acids, some metal oxides and 
zeolites all contain the Brønsted acid site [196]. In my study, ZSM-5 was used because of 
its superior hydrothermal stability [197]. 
 
 
Figure 6.5 NH3 TPD results of the alkali treated ZSM-5. 
Reaction condition: 5.0 g HZSM-5 stirred in 0.5 M NaOH (for heavily treatement 1.0 M 
NaOH) at 343 K for 1 hour, followed by drying at 373 K for 12 hours and calcinating 
under 573 K for 4 hours. 
 
The major reason for alkali treatment is to enlarge the pore opening of ZSM-5. The alkali 
molecules preferentially attack siliceous species in the zeolite and as a result, the pore is 
enlarged [198]. However, one disadvantage of this process is that it will reduce the 
number of Brønsted acid sites on the zeolite surface. The protons are exchanged by the 
sodium ion, which greatly reduced the surface acidity. The alkali-treated samples were 
characterized by NH3 TPD and the results are shown in Figure 6.5. It is clear that the 
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more intensive treatment led to less surface acidity. For the heavily treated sample, there 
was almost no proton on the zeolite surface. 
 
 
Figure 6.6 Surface acidity of the alkali treated ZSM-5 after the proton exchange. 
Reaction condition: 5.0 g HZSM-5 stirred in 0.5 M NaOH (for heavily treatement 1.0 M 
NaOH) at 343 K for 1 hour, followed by drying at 373 K for 12 hours and calcinating 
under 573 K for 4 hours. 
 
The common way to regenerate the surface acidity is the proton exchange. The 
ammonium ion solution is commonly used for this process. The NH4
+ group would 
substitute the sodium ion on the surface of the zeolite. The ammonium exchange was 
followed by calcination at 573 K. When calcinated at 723 K, the NH4
+ was decomposed 
to NH3 and proton. In this way, the surface acidity was regenerated. The NH3 TPD result 




Figure 6.7 Ru/ modified ZSM-5 catalyzed HDO of guaiacol model compound 
Reaction condition: 40.0 mg catalyst, 200 mg guaiacol in 20 mL DI H2O, 523 K, 4.0 MPa 
H2, 2 hours. 
 
The untreated ZSM-5 zeolite and alkali-treated zeolite were used in the catalytic HDO of 
guaiacol, and the experimental results are shown in Fig 6.7. No conversion of guaiacol 
was observed without catalyst. In this case, the light-ZSM 5 and heavy ZSM-5 were all 
exchanged twice with proton, followed by ruthenium impregnation. The untreated ZSM-5 
only catalyzed the hydrogenolysis reaction, and phenol was the only product. No 
hydrogenated product was observed. The ruthenium impregnation on the untreated ZSM-
5 led to a small portion of hydrogenated products. The yield was approximately 2%. It 
was probably due to the low dispersion of the noble metal and small pore opening of 
zeolite support. However, after the alkali treatment, the conversion was greatly increased. 
The yield of the cyclohexane was over 15%, and almost no phenol was produced. The 
selectivity toward cyclohexane was 94%. The intense treatment reduced the total acid 
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sites [198]. Therefore, the yield was slightly lower than that of the less intensively treated 
catalyst. A small amount of cyclohexanol was detected in the product solution. The 
selectivity was retained as high as 92%.  
 
The leaching of the active metal and non-framework elements in zeolite can induce 
catalyst deactivation. The mesoporous structured zeolite is more unstable and the pore 
tends to collapse during the reaction. [198] Therefore, a hydrothermally stable 




This section discussed the second-step HDO reaction of EOL heavy oil. Two support 
materials, activated carbon and HZSM-5, were used to catalyze the upgrading reaction. 
The Ru/C catalyst converted water-insoluble heavy oils to water-soluble monomers with 
a 34% carbon yield. The structure proposed for the NMR study matched well against the 
results from the GC-MS characterization. The proposed reaction mechanism agrees well 
with the conclusion drawn from model compound studies. 
 
However, after the two-step upgrading, the bio-oil still contained a small portion of the 
hydroxyl group, which may cause solubility and stability problems when it is mixed with 
the gasoline fuel. Therefore, ZSM-5 was adopted as the supporting material. The 
experiment result showed that the modified ZSM-5 was effective in hydrogenation and 
hydroxyl group removal. The selectivity toward cyclohexane was over 90%. It can be 
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used in the second-step HDO directly instead of Ru/C. The further optimization of the 
zeolite is proposed in the recommendations for future work. 
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CHAPTER 7: RU CATALYZED AQUEOUS PHASE HDO OF 




As proved in chapter 3, 4 and 5, Ru/C is an effective catalyst for pyrolysis oil derived 
lignin. In some applications, the whole biomass might be used as starting material instead 
of lignin. Therefore, the reaction mechanism of catalytic HDO reaction with cellulose and 
hemicellulose are also valuable. Two most commonly used processes are fast and slow 
pyrolysis. The key difference between the two methods are heating rates, which are 
roughly 1273 K/s for fast pyrolysis and 0.1 - 3 K/s for slow pyrolysis. [199, 200] Both 
processes have been extensively studied and reviewed [10, 73, 201-203]. Fast pyrolysis 
produces liquid products in one phase. The liquid products from slow pyrolysis are 
separated into the aqueous phase (light oil) and the organic phase (heavy oil). [204] The 
yield of heavy oil increased by using fast pyrolysis process compare to slow pyrolysis. 
However, the molecular weight and the content of polyaromatic hydrocarbons also 
increased in the fast pyrolysis oil, which could detrimentally affect the following 
upgrading process. [205] Besides heating rates, pyrolysis temperature and pressure also 
affect the liquid product yields. The increase of pyrolysis temperature produces more 
                                                 
 
 
5 Reprinted with permission from Mu, W., Ben, H., Newalkar, G., Ragauskas, A., Qiu, D., and Deng, Y., 
Structure Analysis of Pine Bark-, Residue-, and Stem-Derived Light Oil and Its Hydrodeoxygenation 
Products. Industrial & Engineering Chemistry Research, 2014. 53(28): p. 11269-11275. Copyright 
2014 American Chemical Society 
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liquid and gaseous products. [69] The increase of pyrolysis pressure leads to a higher 
char yield. [206] However, the carrier gas flow rate has limited effect. [33] Bio-oil 
obtained from slow pyrolysis generally contains less oxygen than that obtained from fast 
pyrolysis due to secondary reactions such as dehydration, decarboxylation, and 
condensation involved in slow pyrolysis. [207] Lower oxygen content is desirable for the 
subsequent upgrading process, which will be introduced later. 
 
As mentioned before, the major liquid products from slow pyrolysis are heavy oil and 
light oil. Briefly speaking, the organic compounds contained in heavy oil have higher 
boiling points than those in light oil. The molecular weight of heavy oil is about 300 - 
1300 Da with high viscosity. Most of the compounds in heavy oil are water-insoluble. 
The typical yield of heavy oil is roughly 25 - 35%. [204] The molecular structures in 
heavy oil are very complicated, including levoglucosan, catechol-, guaiacol- phenol-
based aromatic compounds etc. Extensive studies have been done on the post-treatment 
of the heavy oils derived either from whole biomass [142, 208, 209] or solely derived 
from lignin. [201, 210, 211] However, less attention has been given to the post-treatment 
of light oil. The yield of light oil from pyrolysis is around 15 - 35%. [204] Although a 
large amount of water presents in light oil (~40-80 w/w%), the overall weight of the 
organic compounds in light oil is still over 1/3 the weight of heavy oil. Therefore, the 
portion of light oil is not negligible in the slow pyrolysis process. The properties of heavy 
oil and light oil are significantly different. Thus, a comprehensive study of the 
compositions and reaction paths of both heavy oil and light oil during the upgrading 
process can provide a better understanding in a bio-refinery plant design. 
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Light oil contains mainly water-soluble organic molecules. It is known that the water-
soluble products from pyrolysis include levoglucosan, acetic acid, formic acid, furfural 
and some aromatic-structured compounds. [212] Compared to heavy oil, light oil 
contains more oxygen functionalities which results in a low energy density. [213] Light 
oil also contains more carboxyl groups, which leads to a lower pH and can potentially 
cause equipment corrosion. [73] The higher amount of oxygen in the light oil causes 
problem such as: increase in instability, storage difficulty, [182] and immiscibility with 
traditional fossil fuels. [10] 
 
The most common bio-oil upgrading methods were recently reviewed by Mortensen et al. 
[142] Hydrodeoxygenation (HDO) is a general routine used for upgrading. High pressure 
hydrogen and catalyst are required for the reaction. During the process, the unsaturated 
bonds are hydrogenated and the oxygen atoms are removed as water, carbon monoxide, 
carbon dioxide and other small compounds. [114] Related papers [142, 201, 209-211] 
indicate that high stability and high quality biofuel could be produced from HDO 
reaction. However, all these publications use either bio-oil or heavy oil as the starting 
material. No research has been published for light oil post-treatment. Our previous study 
showed that Ru is excellent in catalyzing the HDO reaction of the heavy oil from lignin 
pyrolysis and the products was successfully upgraded to gasoline range chemicals. [210] 
Among noble metals, the cost of ruthenium is relatively low. The weight-based cost of 
ruthenium is approximately 1/10 compared with palladium and rhodium, and 1/16 the 
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platinum and gold. It has shown superior performance compared to other noble metal 
catalysts in bio-oil upgrading. [214] 
 
   In this study, pyrolysis oils derived from loblolly pine stem, residue and bark were used 
as starting material. Loblolly pine grows fast and is predominantly used to produce high 
quality wood fibers in the United States. However, large amount of residues (non-
merchantable part of the tree, such as stumps, bark and stem, limbs, tops, dead trees) are 
produced in the pulp production process. The quantity of these residues represents about 
20% of potential biomass nationally [215]. The chemical compositions of all three 
components are remarkably different. For example, the lignin and tannin contents in the 
bark are much higher than it is in the other parts of trees. The varied chemical 
compositions of these feedstock make the reactions in pyrolysis/upgrading process and 
the distribution of final products very different.  Therefore, this paper focuses on: 1) 
examining the chemical composition of light oil derived from pine wood stem, residue 
and bark; and 2) studying the major reactions involved in the light oil upgrading process. 
 
7.2 Materials and experimental procedure 
 
All reagents used in this study were purchased from VWR International and used as 
received.  All the biomass materials used in the study were collected from a University of 
Georgia plantation research plot in Macon, GA. More detailed information about the 
biomass and pre-treatment procedures has been described in previous publication [216].  
The stem wood was debarked and chipped from raw wood. The residue and bark were 
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obtained from several trees collected adjacent to stem wood. These trees have no 
significant difference in their component. All three biomasses were milled and passed 
through a Wiley mill and passed through a 2 mm screen as per the TAPPI method 
T257cm-02.  
 
6.2.1. Equipment and procedure for pyrolysis.  
 
Pyrolysis was done in a tube furnace employing a quartz tube. In a typical 
experiment, dried biomass (4.00 g) was placed in a quartz sample boat and the boat was 
placed in the center of the pyrolysis tube. The heating rate of the biomass sample powder 
was measured using a K-type thermocouple which was immersed in biomass bed during 
pyrolysis. The quartz tube was flushed with nitrogen at 500 mL/min. The tube was then 
inserted into the preheated furnace. The heating rate was about 2.7 K/s and the target 
temperature was 873 K.  The light oil was collected from two condensers connected to 
the outlet of the pyrolysis tube. Both condensers were immersed in liquid nitrogen. Based 
on the heating rate, the pyrolysis samples reached the target temperature in 5 min. No 
vapor was observed after 10 min. Upon the completion of pyrolysis, the liquids in both 
condensers were collected and stored in freezer for analysis and upgrading. 
 
6.2.2. HDO upgrading of light oil or levoglucosan as model compound. 
 
Hydrogenation of the light oil (or levoglucosan) was carried out in a 75 mL Parr batch 
reactor. About 200 mg of light oil (or levoglucosan) was added to 20 mL DI water. 1.00 
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mL solution was withdrawn for total organic carbon test. The remaining solution was 
loaded in the reactor with 4.0 mg of 5 wt.% Ru/C (dry basis, from Alfa Aesar). The 
reactor was sealed and purged with nitrogen for 5 times to remove the residual air. The 
pressure in the reactor was reduced to normal atmosphere and then purged with hydrogen 
for 3 times to replace nitrogen. The target hydrogen pressure was 8 MPa at room 
temperature. The reactor was then heated up to 573 K at a heating rate of about 23 K/min. 
The pressure during the reaction was held at 110 MPa. After 2 hours, the vessel was 
quenched using cool water and the temperature reduced to 323 K within 1 min. The 
reactor was opened when the temperature was below 303 K and the solution was filtrated 
using a 0.2 μm syringe filter. 1.00 mL solution was withdrawn for total organic carbon 
test. The remaining solution (18 mL) solution was separated into two parts with equal 
volumes. One part was extracted with 2.00 mL chloroform for GC-MS analysis. Another 
part was extracted with 2 mL deuterium chloroform for 1H NMR test. 
 
6.2.3. Characterization of pyrolysis oil and upgraded products by NMR (Quantitative 1H 
NMR, 13C NMR and 1H-13C HSQC-NMR).  
 
All NMR spectral data reported in this study was recorded using a Bruker Avance/DMX 
400 MHz NMR spectrometer. Light oil (100 mg) from each component was dissolved in 
450 μL DMSO-d6 for analysis. Quantitative 
13C NMR was acquired by employing an 
inverse gated decoupling pulse sequence, 90º pulse angle, a pulse delay of 5 s and 6000 
scans.  Quantitative 1H NMR was acquired with 16 transients and 1s pulse delay. The 1H-
13C HSQC-NMR employed a standard Bruker pulse sequence “hsqcetgpsi.2” (90˚ pulse, 
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0.11 s acquisition time, 1.5 s pulse day, 1JC-H of 145Hz). The scan number was 48 and the 
acquisition of data points were 1024 for 1H and 256 increments for 13C. The spectral 
widths are 13.02 ppm for 1H and 220.00 ppm for 13C. HSQC-NMR data was processed 
using MestReNova v7.1.0 under default template and automatic phase and baseline 
correction. 
6.2.4. Aqueous phase product processing  
 
(1) Total Organic Carbon:  
   The carbon contents of the liquid solution collected before and after the reaction were 
measured by Ionics Inc. 1555B total organic carbon (TOC) analyzer. The carrier gas used 
was air (ultra zero grade) from AirGas and the flow rate was set to 100 mL/min. All 
samples were diluted to achieve a carbon concentration below 200 ppm. The volume of 
each injection was 100 μm3. The temperature set point was 1173 K and the catalyst was 
CuO. The calibration curve was based on isopropanol. 
 
(2) Gas Chromatography-Mass Spectroscopy:  
   The GC-MS analysis of hydrogenation products was run on a Micromass AutoSpec 
mass spectrometer. The GC was an Agilent 6890 and the column was an Agilent DB-
5MS. The GC oven was programmed with the following temperature regime: held at 303 
K for 1 min, ramp to 573 K at 15 K/min and held at 573 K for 6 min. 1 μL of the sample 
was injected in splitless mode to inject the analyte into the column. 
 
7.3 Results and discussion 
 
 117 
7.3.1 Chemical composition of light oil using GC-MS.  
 
The light oil yield from pyrolysis was calculated on the basis of the weight of starting 
biomass. The yields follow the order: stem 44% > residue 38% > bark 20%. These 
differences are attributed to different amounts of lignin and holocellulose in each starting 
material. Biomass with more holocellulose generates more light oil. The holocellulose 
contents in the stem, residue, bark are 69%, 65%, bark 51%, respectively. On the 
contrary, the presence of lignin reduces the yield of light oil. The lignin contents in the 
stem, residue, bark are 28%, 27% and 34%, respectively.[216]. 
 
The major compounds in bio-oil from wood pyrolysis have been reviewed by Wang et 
al.[217]. Except for levoglucosan, which has a boiling point of 657 K, most other water-
soluble compounds in light oil are detectable by GC-MS. On the basis of the peak area 
integration of GC-MS spectra, the ten most abundant compounds in light oil are ranked 
from high to low in the Table 7.1. Because levoglucosan has a high boiling temperature, 
it could not fully vaporize under the temperature used in GC-MS measurement. As a 
result, the signal of levoglucosan is very weak in the GC-MS spectra. Furanic compounds 
are the major constituents in the light oil derived from stem pyrolysis. In the ten most 
abundant compounds from stem pyrolysis, there are four with a furanic structure. Only 
two furan-structured compounds are observed in the bark-derived light oil, and none is 
found in the residue-derived light oil. The furan-structured chemicals in the stem were 








Table 7.1 Ten most abundant compounds in light oil from GC-MS study. (Highest at top 
and lowest at bottom)  The number next to the compounds is the peak intensity in the 
GC-MS spectrum. 4-methyl-guaiacol is used as standard (100.0 peak intensity) for 
comparison. 
 
Light Oil from Stem Light Oil from Residue Light Oil from Bark 
         
 
Reaction condition: 4.0 mg 5 wt.% Ru/C, 200.0 mg light oil in 20 mL DI H2O, 573 K, 8.0 
MPa H2, 2 hours. 
 

































The 13C NMR spectra of these biomass feedstock was published elsewhere.[216] The 1H  
NMR and 13C NMR spectra for all three components are included in Figure 7.2. The peak 
areas of the spectra are integrated and listed in Table 7.2 and 7.3. Over 60% of the 
protons are -CHn-O- protons in the 
1H NMR spectrum. Figure 7.1 is the CHn-O region of 
the 1H-13C HSQC-NMR spectrum. The chemical shifts of levoglucosan are marked on 
the spectra. Obviously the light oil from the stem has the most intense peak area because 
of the abundant cellulose in the stem. The peaks of residue and bark derived oil are not as 
strong as those in the stem’s spectrum. All three spectra clearly show the existence of 
levoglucosan. With the information obtained from GC-MS and NMR, levoglucosan is 
found to be the predominant compound in the -CHn-O- region.  
 
As shown in Table 7.2, the aromatic region of bark-derived light oil is twice that of light 
oils derived from stem and residue because the bark contains much more lignin and 
tannin and less holocellulose compared with residue and stem. For the same reason, the 
aliphatic proton area in the bark’s NMR spectrum is less than half the area of the aliphatic 
region in the spectra of light oils derived from residue and stem. The -CHx-O- regions of 
the spectra from all three components are very close to each other. It is mainly 
contributed by levoglucosan. Bark-derived light oil has a relatively higher value in the -
CHx-O- region because aromatic compounds in lignin and tannin tend to form condensed 
structures [204]. The char produced from lignin and tannin pyrolysis is 50 wt.% more 






Figure 7.1 1H-13C HSQC-NMR spectra in aliphatic ranges and the assignment of levoglucosan in the light oil derived from stem, 
residue and bark (ordered from left to right) 





Figure 7.2 1H NMR (a) and 13C NMR (b) for stem, residue and bark before HDO 
Reaction condition: 4.0 mg 5 wt.% Ru/C, 200.0 mg light oil in 20 mL DI H2O, 573 K, 8.0 
MPa H2, 2 hours. 
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Table 7.2 1H-NMR chemical shift assignment ranges and functional group contributions 
for the light oil.  
 
Type of protons Range (ppm) Stem Residue Bark 
-CHO, -COOH 10-9.6 0.4 0.4 1.3 
ArH, HC=C- 8.2-6.0 4.1 3.4 8.8 
-CHn-O-  6.0-3.0 68.4 73.1 78.9 
-CH3, -CHn- 0.5-3.0 27.0 23.2 11.0 
 
Reaction condition: 4.0 mg 5 wt.% Ru/C, 200.0 mg light oil in 20 mL DI H2O, 573 K, 8.0 
MPa H2, 2 hours. 
 
More information can be extracted using the data from the proton and carbon NMR 
together. From the 1H NMR, the -CHn-O- amounts in light oil are close value. The 
13C 
NMR spectral data further indicate that the ratios between aliphatic C-O and aromatic C-
O for stem, residue, and bark are approximately 3.5:1, 2.7:1 and 3.5:1 respectively. 
Overall, the residue derived light oil has the highest amount of aromatic C-O, probably 
because of the relatively lower amount of lignin in residue than in the bark which leads to 
less aromatic condensation. For the same reason, the bark has the highest amount of 
lignin but the light oil derived from bark has relatively lower amount of aromatic C-O 
because large amount of aromatic rings condense in pyrolysis and form char 
product[204]. The light oil from bark also has the lowest amount of aromatic methoxyl 
groups. The 1H-13C HSQC-NMR spectra shown in Figure 7.3 show that most aromatic 
methoxyl groups in light oil from bark are substituted at the ortho position.  
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 Figure 7.3 1H-13C HSQC-NMR spectra of the light oil derived from stem, residue and 
bark (ordered from left to right) in methoxyl group ranges. 
 
Reaction condition: 4.0 mg 5 wt.% Ru/C, 200.0 mg light oil in 20 mL DI H2O, 573 K, 8.0 
MPa H2, 2 hours. 
 
Another key feature in the NMR spectra is the aromatic C-H (proton directly attached to 
the aromatic ring). The aromatic regions of the 1H-13C HSQC-NMR spectra are presented 
in Figure 7.4. The major components in light oil are phenol and guaiacol types of 
aromatic C-H bond, which agrees well with the result from GC-MS analysis. The 
quantitative data from 13C NMR in Table 7.3 indicates low amount of aromatic C-C bond 
in all three light oils. Bark derived light oil has highest aromatic C-H ratio and lowest 
aromatic C-O ratio. This supports the argument that the aromatic compounds are more 
likely to condense with the more aromatic C-O bond. The furan structured compounds 




Figure 7.4. 1H-13C HSQC-NMR spectra of the light oil derived from stem, residue and bark (ordered from left to right) in aromatic C-
H ranges (dashed circles are the range of furan based compounds.  
 
Reaction condition: 4.0 mg 5 wt.% Ru/C, 200.0 mg light oil in 20 mL DI H2O, 573 K, 8.0 MPa H2, 2 hours. 
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Table 7.3. 13C NMR chemical shift assignment ranges and functional group contributions 





Stem Residue Bark 
Carbonyl or 
Carboxyl 
215.0 – 166.5 8.9 12.3 10.8 
Aromatic C-O 166.5 – 142.0 11.4 10.3 8.6 
Aromatic C-C 142.0 – 125.0 1.7 1.0 2.3 
Aromatic C-H 125.0 – 95.8 10.0 8.8 18.6 
Aliphatic C-O 95.8 – 60.8 39.4 28.3 31.1 
Aromatic methoxy 60.8 – 55.2 3.3 3.2 1.7 
Aliphatic C-C 55.2-0.0 25.4 36.1 27.0 
 
Reaction condition: 4.0 mg 5 wt.% Ru/C, 200.0 mg light oil in 20 mL DI H2O, 573 K, 8.0 
MPa H2, 2 hours. 
 
7.3.3 Analysis of Upgraded light oil.  
 
No obvious carbon loss is observed in stem and residue derived light oil upgrading. The 
total carbon yield of bark derived light oil is 83% possibly due to the tar formed from 
tannin binding on catalyst surface[219]. 1H NMR was used to study the change in the 
structure of compounds in light oil after upgrading. The spectra of all three upgraded 
components are listed in Figure 7.5 and the integrated results were shown in Table 7.4. 
All the peaks in aromatic region are absent (the sharp peak to the left around 7.2 ppm is 
CDCl3 solvent). The -CHnO- groups in the upgraded product also decrease substantially. 
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Figure 7.5 1H NMR for stem, residue and bark after upgrading 
Reaction condition: 4.0 mg 5 wt.% Ru/C, 200.0 mg light oil in 20 mL DI H2O, 573 K, 8.0 
MPa H2, 2 hours. 
 
Levoglucosan is the predominant compound in all three light oils. Therefore, the reaction 
of levoglucosan with Ru/C was tested alone. GC-MS results indicate that under the same 
reaction conditions the same as that of light oil upgrading, the major product is 2-
methyltetrahydropyran. The proposed reaction paths are shown in Figure 7.6. In the 
beginning, levoglucosan is converted into glucose through hydrolysis. Ru/C is unable to 
catalyze ring opening reaction by cleavage of the ether bond. The –OH group is removed 
by hydrodeoxygenation. The chemical shift of 2-methyltetrahydropyran in the 1H NMR 
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spectrum was determined from the Scifinder database (calculated using Advanced 
Chemistry Development, Inc. ACD/Labs Software V11.01). The chemical shifts are 
around 1.15, 1.30 and 1.55 ppm in the aliphatic region and 3.22 - 3.66 ppm in -CHn-O- 
region, which matches the NMR spectrum well. 
 
Table 7.4. 1H NMR chemical shift assignment ranges and functional group contributions 
for the upgraded light oil 
 
Type of protons Range (ppm) Stem Residue Bark 
-CHO, -COOH 10-9.6 0.0 0.0 0.0 
ArH, HC=C- 8.2-6.0 0.2 0.2 0.2 
-CHn-O-  6.0-3.0 6.7 16.2 4.0 
-CH3, -CHn- 0.5-3.0 93.1 83.5 95.9 
 
Reaction condition: 4.0 mg 5 wt.% Ru/C, 200.0 mg light oil in 20 mL DI H2O, 573 K, 8.0 




Figure 7.6. Proposed reaction mechanism of Ru catalyzed levoglucosan HDO 
Reaction condition: 4.0 mg 5 wt.% Ru/C, 200.0 mg levoglucosan in 20 mL DI H2O, 573 
K, 8.0 MPa H2, 2 hours. 
 
   The second large group in light oils is furan structured compounds. The furan-based 
components are very similar in the light oil from all three part of the biomass. The 
molecule structures obtained from GC-MS were listed in Table 7.5 and all of these 
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compounds matched the structures in the previous publication [68]. The reactions during 
the upgrading are also categorized in Table 7.5. Two major types of reaction are observed  
for furan based compounds. For compounds that have no carbonyl group, only the five-
membered rings are hydrogenated. Ruthenium is incapable of hydrogenating the C=O 
bond in ester group. This phenomenon was also observed in Vispute and Huber’s study 
[212]. For compounds with carbonyl group, ruthenium is able to cleave the C=O bond. 
Elliott and Hart performed furfural HDO with Ru catalyst under 523 K[220]. 
Hydroxymethyl-THF was the predominant product initially and gradually converted to 
methyl-THF, which indicates that Ru can catalyze the hydrogenation of the furan ring, 
C=O bond. Therefore, the most probable reaction path is hydrogenation of the C=O 
group at first, followed by the hydrogenolysis of hydroxyl group. All products retain the 













Table 7.7 Reaction in hydrogenation of furan-based compounds during upgrading. R 
stands for H or CH3   
 














Reaction condition: 4.0 mg 5 wt.% Ru/C, 200.0 mg light oil in 20 mL DI H2O, 573 K, 8.0 
MPa H2, 2 hours. 
 
For aromatic compounds, the reaction path (Figure 7.7) is very similar to that previously 
described for heavy oil upgrading [210]. The chemical structures of the upgraded 
products obtained from GC-MS are very similar, which supports this tentative reaction 
path. Cyclohexanol is the major product for light oil derived from stem and residue. The 
chemical shifts of the major protons (8 out of 10) on cyclohexanol are in the range of 
1.47-1.53, which matches the NMR spectrum.  
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Figure 7.7 Tentative reaction pathways of HDO process of aromatic compounds in the 
light oil upgrading  
Reaction condition: 4.0 mg 5 wt.% Ru/C, 200.0 mg light oil in 20 mL DI H2O, 573 K, 8.0 
MPa H2, 2 hours. 
 
   The C-O regions in the NMR spectra of the upgraded products are also different. The 
decrease in the amount of C-O in the light oil after the HDO reaction is 90%, 78% and 
95% for stem, residue, and bark respectively. According to the mechanism of 
levoglucosan and ketone hydrodeoxygenation, the light oil from stem is most intensively 
deoxygenated because of the highest amount of levoglucosan and lowest amount of 
aromatic structure. Light oil from the residue has more oxygen removed than the light oil 
from the bark because the light oil from the residue has more guaiacol type compounds 
while the light oil from the bark has more phenolic aromatic compounds. In the 1H NMR 
spectra, compared to that of the light oil from the stem and the bark, light oil from the 
residue shows more peaks between 2.0 and 3.0, which is in the carbonyl range. In the 
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light oil 13C NMR, the carbonyl group in light oil from the residue is about 100% more 
than the oil from wood and 50% more than the light oil from the bark. It also shows 
prominent peaks between 3.0 and 4.0, which is the chemical shift range of the ether 
group. As mentioned in the upgrading of furan-based compounds, Ru/C has low 
reactivity with ester and ether groups, which gives the light oil from residue an NMR 




In this paper, the chemical structures of light oils derived from the stem, residue, and the 
bark of the loblolly pine were analyzed by several techniques: GC-MS, 1H NMR, 13C 
NMR, and 1H-13C HSQC-NMR. For all the three components, levoglucosan is the most 
predominant. Light oil derived from the stem has the highest amount of aliphatic protons 
and aliphatic C-O, which are mainly contributed by levoglucosan and furanic 
compounds. Both structures are produced by the abundant amount of cellulose in the 
stem. Residue derived light oil has large amount of aliphatic protons and lowest amount 
of aromatic C-O, possibly caused by the lower condensation of lignin during the 
pyrolysis of the residue. Bark derived light oil has the highest amount of aromatic protons 
and extremely low amount of aromatic methoxyl groups. The weak 1H NMR signal from 




   Ru/C catalyst was adopted for the process of light oil upgrading and it generated fully 
hydrogenated and extensively deoxygenated products. According to 1H NMR, the 
percentage of the -CHn-O- peak area for the stem, residue, and the bark decreases 90%, 
78%, 95%, respectively, compared to that for the pre-HDO light oil. Both light oils from 
the stem and the residue achieve approximately 100% carbon yields. Due to the presence 
of tannin, the yield of light oil from the bark is 83%. Isopropoxypropane and 1-
thoxybutane are the major products from levoglucosan upgrading. The furan-structured 
compounds mainly go through two types of reactions: hydrogenation and hydrogenolysis. 
However, Ru/C did not cleave either the ether or the ester bonds through hydrogenolysis. 
The aromatic compounds are completely hydrogenated. Cyclohexanol is the main 




CHAPTER 8 OVERALL CONCLUSIONS AND 
RECOMMENDATIONS 
 
8.1 Overall Conclusions 
 
The dissertation accomplished the conversions of the pyrolysis oil derived from lignin 
and biomass to chemicals and aliphatic gasoline-compatible fuel. It mainly includes three 
parts. 
 
In the first part of the work, four commonly used noble metal catalysts underwent 
evaluation evaluated with three lignin model compounds under the aqueous phase 
reaction. Pd, Pt, and Rh catalysts are capable of hydrogenating the phenol and catechol. 
However, they all deactivated during the HDO of guaiacol due to the formation of 
catechol through the demethylation reaction. The rearrangement of the radicals from the 
hydrogenolysis of O-CH3 bond produced two types of o-methoxy-Quinonemethide, 
which were reported as key intermediates for coke formation. The difference among the 
three catalysts is that Pd and Pt lost their reactivity right after the reaction started and Rh 
was slowly deactivated within two hours. Ru is the only catalyst that can convert guaiacol 
into hydrogenated compounds. Although in this study, the Ru/C catalyst had the lowest 
metal dispersions among all the catalysts, it still showed the highest reactivity. No 
demethylation but mainly demethoxylation and hydrogenation reactions, were observed 
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in the Ru catalyzed guaiacol process. The decrease in BET surface area indicates coke 
formation within Pt, Pd, and Rh catalysts. Ru has the lowest reduction in surface area. 
 
In the second part, the two-step HDO processes were adopted to upgrade the heavy oil 
produced from pyrolysis of pinewood EOL. Ru and Pt were used in the study. The 
products of first-step HDO are similar for both catalysts, which are mainly simple 
aromatic molecules produced from the cleavage of ether bonds and methoxyl groups in 
the heavy oils. In the second-step HDO reaction, Pt cannot upgrade the EOL heavy oil. 
Around 30% carbon rings are still in aromatic structure. Ru catalyzed second-step HDO 
converts water insoluble heavy oils (Mw=265 g/mol) to the alkanes and aliphatic alcohols 
with a 33 mol% carbon yield. The upgraded pyrolysis oils could be used as green 
gasoline. The concept established in this work opens up a new opportunity for the 
conversion of lignin pyrolysis oils (which are the major parts of water insoluble product 
of pyrolysis of whole biomass) to the renewable gasoline.  
 
Deuterium gas was used in the HDO process to provide insights into the reaction 
mechanism during the upgrade of pine wood EOL pyrolysis oil. The direct comparison 
between the 1H-13C HSQC NMR spectra of the proton hydrogenated products and the 
deuteron hydrogenated products provide the intuitive understanding of the HDO process. 
During the first-step HDO reaction, the linkages cleavage between two aromatic 
monomers is validated by both HSQC NMR spectra. During the linkage cleavage, the 
majority of the hydrogen atoms are added to the ortho and para positions of the guaiacol 
and phenol. Some of the hydrogen atoms generate new phenolic hydroxyl group. The 
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conclusions provide the understanding from the perspective of chemistry that the ortho- 
and para-position are more likely to break during the upgrading. This information is 
useful for the design of bio-refinery, because a large amount of guaiacol-based 
compounds generate during the degradation. Guaiacol is commonly used to produce 
various flavors, such as eugenol and vanillin. 
 
In the last part, the chemical structures of light oils derived from the stem, residue, and 
the bark of the loblolly pine were analyzed by GC-MS, 1H NMR, 13C NMR, and 1H-13C 
HSQC-NMR. For all three components, levoglucosan is the most abundant. Light oil 
derived from the stem has the highest amount of aliphatic protons and aliphatic C−O, 
which are mainly contributed by levoglucosan and furanic compounds. Residue-derived 
light oil has a large amount of aliphatic protons and the lowest amount of aromatic C−O 
possibly caused by the lower condensation of lignin during the pyrolysis of the residue. 
Bark-derived light oil has the highest amount of aromatic protons and an extremely low 
amount of aromatic methoxyl groups. The weak HSQC NMR signal from the ortho-
position of aromatic methoxyl indicates almost complete condensation of the lignin 
aromatic hydroxyl group during the pyrolysis. Ru/C catalyst was adopted in the process 
of light oil upgrading, and it generated fully hydrogenated and extensively deoxygenated 
products. According to 1H NMR, the percentage of the CHnO peak area of the stem, 
residue, and bark decreases 90%, 78%, and 95%, respectively, compared to that for the 
pre-HDO light oil. Both light oils from the stem and the residue achieve approximately 
100% carbon yields. Due to the presence of tannin, the yield of light oil from the bark is 
83%. 1-Isopropoxypropane and 1-ethoxybutane are the major products from 
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levoglucosan upgrading. The furan-structured compounds mainly go through two types 
of reactions: hydrogenation and hydrogenolysis. However, Ru/C did not cleave either the 
ether or the ester bonds through hydrogenolysis. The aromatic compounds are completely 
hydrogenated. Cyclohexanol is the main product of the aromatic compounds. 
 
Overall, the main objectives of this thesis work were accomplished. The proper catalyst 
was screened from the model compound study, and the reaction mechanism was deduced. 
The best catalyst was used in lignin heavy oil upgrading, and the upgraded pyrolysis oils 
could be used as green gasoline. Various techniques were used for product 
characterization, and the fundamental reaction mechanism was studied in detail. The 




1. Regeneration of Catalysts 
 
During the heavy oil upgrading, the catalyst deactivated due to the tar formation. 
The chemical structures of tar products were analyzed and part of the product is 
soluble in organic solvent, such as chloroform. Therefore, whether the catalyst 
can regenerate through direct organic solvent wash would be interesting. [221] If 
the catalyst regeneration is complicated and costly, other cheap metal catalysts 
should be evaluated in the first-step HDO reaction to see if they are able to 
achieve a similar performance.  
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2. Supporting material, ZSM-5 
 
In Chapter 6, the modified ZSM-5 proved to be an effective supporting material 
for the deoxygenation reaction that produced cyclohexane as a major product. In 
the future, more detailed characterizations of the alkali treated ZSM-5 should be 
performed. The supporting material, with better tuned pore size and surface 
acidity, can greatly improve the application of the lignin derived heavy oil 
upgrading. 
 
3. Co-process the light oil and the products obtained from first-step heavy oil 
upgrading 
 
The catalyst deactivation is only observed in the first-step HDO of the EOL 
pyrolysis heavy oil. There is no sign of catalyst deactivation in the second-step 
HDO of heavy oil and upgrading of the light oil. Therefore, it is economically 
favorable to co-process the two types of oils together. These results will be 
valuable when developing bio-fuel production through the hydrodeoxygenation of 
whole biomass pyrolysis oils. 
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APPENDIX A – REPORTED LIQUID PRODUCTS OF PYROLYSIS 
OF LIGNIN 
 
GC-MS detected components in lignin pyrolysis oil  
Phenol [30, 39, 44-48] 
4'-Hydroxy-3'-
methoxyacetophenone [30, 

















propanone [30, 39, 48] 
Guaiacylacetone 
Coniferylaldehyde [45, 48] 













methylphenol [44, 48] 
4-Methylsyringol 
 139 




hydroxybenzoic acid [39] 
1-( 4-Hydroxy-3-
















dimethoxyphenol [44, 48] 
Vinylsyringol 
2-Ethylphenol [30, 39, 47] 
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Mesitylene [45] Dihydrosinapylalcohol [48] 
2,6-Dimethoxyphenol [30, 
39, 44, 45, 48] 
Syringol 








2,4-Dimethoxyphenol [39] Veratrole [45] Naphthalene [45, 46] 
2',4'-Dimethylacetophenone 
[39] 
p-Dimethoxybenzene [45] Benzene [30] 
4-Ethyl-1,2-benzenediol 
[39, 47] 
Dimethylcatechol [45] Styrene [30] 
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